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SYNOPSIS 


Results  of  tests  to  determine  the  ultimate  load  carry¬ 
ing  capacity  of  four  hinge- supported,  rectangular  portal 
frames  are  reported*  Two  of  the  frames  were  subjected  to 
a  combined  horizontal  and  vertical  loading  with  a  concen¬ 
trated  vertical  load  and  a  concentrated  horizontal  load 
applied  at  the  mid span  of  the  beam  and  at  the  top  of  one 
of  the  columns  respectively*  The  loads  were  of  equal  magni¬ 
tude  in  both  tests.  The  remaining  two  frames  were  subjected 
to  single  concentrated  loads;  the  first  to  a  horizontal  load 
acting  at  the  top  of  one  of  the  columns  and  the  second  to  a 
vertical  load  acting  at  the  midspan  of  the  beam. 

Three  of  the  frames  showed  load  carrying  capacities  in 
excess  of  those  predicted  by  the  simple  plastic  theory. 

The  fourth  frame,  which  was  subjected  to  the  combined  verti¬ 
cal  and  horizontal  loading,  failed  by  lateral  buckling  of 
the  beam  section  at  a  load  slightly  belo\^  the  predicted 
ultimate  load. 

Details  of  a  loading  frame  and  a  roller  mechanism  de¬ 
signed  for  these  tests  are  indicated  in  Appendix  A  and  B 
respectively. 
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INTRODUCTION 

The  1961  edition  of  the  Canadian  Standards  Sl6  "Specifi¬ 
cation  for  Steel  Structures  for  Buildings"  is  the  first 
Canadian  specification  to  include  provisions  for  the  use  of 
plastic  designo  This  introduction  reflects  the  development, 
during  recent  years,  of  the  methods  of  plastic  analysis  and 
their  experimental  verification.  Plastic  design  is  based  on 
the  important  property  of  ductility  and  the  ultimate  load 
carrying  capacity  of  the  structure.  Attention  is  focussed 
on  the  magnitude  of  the  load  causing  collapse  of  the  structure 
rather  than  on  working  loads  referenced  to  the  load  producing 
initial  yield.  By  employing  this  approach  the  designer  has 
a  means  of  providing  a  consistent  margin  of  safety,  with  re¬ 
spect  to  collapse,  for  indeterminate  structures.  Collapse 
of  an  indeterminate  structure  occurs  when  the  imposed  loading 
causes  the  formation  of  a  sufficient  number  of  plastic  hinges 
to  produce  a  collapse  mechanism.  The  collapse  mechanism  may 
involve  the  whole  structure  or  only  a  portion  of  it  if  partial 
collapse  occurs.  According  to  the  simple  plastic  theory,  the 
structure,  or  a  portion  thereof,  will  undergo  large  deforma¬ 
tions  and  collapse  under  the  ultimate  load. 

The  application  of  plastic  analysis  in  the  design  of  in¬ 
determinate  steel  structures,  and  of  rigid  frames  in  particular, 
has  been  the  topic  of  numerous  theoretical  and  experimental 
studies  in  recent  years.  Extensive  research  work  into  plastic 
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theory  has  been  done  at  the  University  of  Cambridge  in  England. 
The  most  significant  experimental  studies  on  this  continent 
have  been  carried  out  at  Lehigh  University  in  the  United 
States.  Professor  J.F.  Baker,  presently  at  Cambridge  University, 
has  probably  made  the  most  significant  contributions  to  the 
development  of  plastic  analysis.  Baker,  however,  did  not  in¬ 
itiate  plastic  analysis,  as  Dr.  Gaber  Kazinezy  of  Hungary 
published  results  of  tests  of  clamped  girders  as  early  as 
19l'<+.^1/  Kazinezy  suggested  analytical  design  procedures  and 
used  them,  apparently  successfully,  in  the  design  of  apartment 
buildings. 

Professor  Baker  apparently  was  the  first  man  to  realize 
that  the  simple  plastic  theory  that  had  been  developed  might 
well  be  the  key  to  a  rational  design  method  for  complete  frames. 
Therefore,  from  1936  to  1939?  he  carried  out  a  series  of  tests 
in  the  Civil  Engineering  Department  at  the  University  of  Bristol 
in  order  to  gain  some  knowledge  of  the  modes  of  collapse  of 
redundant  structures.  This  first  test  series  was  conducted 
on  miniature  rectangular  portal  frames.  The  frames,  having 
a  ten  inch  height  and  twenty  inch  span  length,  were  fabricated 
from  small  rolled  steel  H  sections  of  l-£  inch  width  x  1^ 
inch  depth.  The  material  in  the  Ii  sections  displayed  the 
typical  yield  of  mild  steel.  Vertical  concentrated  loads 
were  applied  to  the  frames  using  a  lever  system  of  loading, 

Numbers  in  parentheses  refer  to  references  listed  in  the 

Bibliography. 


;  r  :  •>  '  .  1 

.. 

- 

•  .  1  ■>  ;  ■  j.  ■  ■ 

r.  s 

* 


■  -Hi"-  p  p  : ■■  ■  vpp 

. 

r  -  -j  •  :  t*;.\  '  . 

,;;n  i  •: ■■  J‘;„ 

IlG:../  c  if  •.  9. 

i.  •  .  Ov  •  .  ■  \  ’  ■  .  .•  .  ■  :  ,,  .  ■  P  P.PPP 

,  !:£  . 

1  .  ■  .  ■:  i  :  ■  .  i 

•.  i  ■  1  '  ■:  '  '  '  '  P  r'  -  X.  XpI-Lop  i !  -  p  jj 

' 

.  '  V  .  ■  :■  -  J.jP;  X ■ :  .t  ■'  !  X  . 

e  c  '■  P  P  p  ■  f;  .  : 

. 

■ 


3 


the  details  of  which  are  given  in  the  reference* 

In  the  first  tests  it  was  found  that  the  beam  to  column 
connections  were  not  completely  rigid  and  furthermore  that 
there  was  a  small  amount  of  rotation  as  well  as  displacement 
at  the  column  bases  which  were  assumed  as  fixed.  Improvements 
were  therefore  made  in  the  connections  as  the  tests  progressed. 
Baker  pointed  out  that  although  such  imperfections  as  were 
encountered  would  have  resulted  in  a  large  discrepancy  in  any 
elastic  calculations  when  compared  to  observed  results,  it 
was  possible  to  compute  the  collapse  load  quite  accurately 
using  simple  plastic  considerations.  Actual  collapse  loads 
observed  compared  quite  favorably  with  the  calculated  collapse 
loads  in  all  cases  except  one. 

World  War  II  interrupted  Baker’s  experimental  work.  How¬ 
ever,  the  work  he  had  done  to  this  time  proved  useful  in  the 

(2) 

design  of  the  ’’Morrison”  air  raid  shelter  which  was  used 
during  the  war  to  provide  home  protection  for  families.  The 
structure  naturally  had  to  be  small  if  it  was  to  be  placed  in 
a  house  and  this  consideration  quickly  ruled  out  the  use  of 
an  elastically  designed  structure.  If  stresses  were  allowed 
to  go  into  the  plastic  range,  however,  a  compact  rigid  frame¬ 
work  could  be  provided  that  would  absorb  a  considerable  amount 
of  energy  while  the  structure  underwent  large  deformations. 

With  this  in  mind,  a  framework  was  designed  that  was  capable 
of  withstanding  the  energy  of  a  floor  of  fourteen  feet  span, 


,  -  ■  ■  ■ 

0  ,  .  '  'I  '  -  '  ...  ’ 

J  \  ■  ..  . 

. 

. 

:  r. cl: 

-  •  '  '  r  ■  '  :  ; 
....  '  J  .  ■■  o; 

;  i  1  Oh  ■ 

*  -  ‘ 

"  '  ov  ■  J:  \ 

(  •  ) 

i/j 

«  1  • 


i 

: 

- 

„ 

■  .  '  • 

~ 

:  *:  '■ 

. 

"  "  ’  0  :  •  1 

r 

»  .  -  ■  - 

4 


weighing  twenty  pounds  per  square  feet,  dropping  from  a  height 
of  nine  feet  onto  the  structure.  Under  this  loading  the  top 
member  of  the  rigid  frame  was  to  deflect  downward  a  total  of 
twelve  inches  which  would  leave  the  occupants  lying  in  the 
shelter  untouched.  This  structure  required  approximately  one- 
tenth  of  the  steel  weight  that  the  elastically  designed  struc¬ 
ture  would  have  required  and  its  record  of  service  during  the 
war  showed  it  to  be  quite  satisfactory.  This  probably  was 
the  most  unique  set  of  tests  to  be  conducted  in  plastic  anal¬ 
ysis. 

After  the  war  Baker  undertook  further  research  into  plastic 

(2  1 ) 

design  at  Cambridge  University.  These  studies  ’  were  con¬ 
ducted  to  provide  experimental  verification  of  the  various 
possible  failure  mechanisms  that  might  be  expected  under 
various  combinations  of  lateral  and  vertical  loads  applied  to 
the  frames.  The  cost  of  full  scale  tests  would  have  been 
prohibitive  and  even  tests  on  frames  fabricated  from  H  sec¬ 
tions  similar  to  those  used  in  the  first  series  of  tests 
were  too  costly  when  the  number  required  was  considered.  As 
a  consequence,  smaller  frame  specimens  were  formed  using 
rectangular  members.  These  frames  were  two  inches  high  with 
a  four  inch  span  length  and  the  column  sections  were  one- 
quarter  by  one-quarter  inch.  The  beam  sections  were  one- 
quarter  inch  wide  and  the  depths  of  three-sixteenth  inch, 
one-quarter  inch,  and  five-sixteenth  inch  were  used  in  order 
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to  obtain  the  various  possible  failure  mechanisms* 

Fifteen  tests  of  these  small  portal  frames  were  carried 
out  with  the  bases  assumed  fixed  in  all  cases,  although  it 
was  again  established  that  in  fact  small  rotations  did  occur 
at  the  supports.  Beam  tests  were  conducted  to  determine 
material  properties  and  all  specimens  were  heat  treated  be¬ 
fore  testing  to  reduce  residual  stresses.  None  of  the  frames 
tested  actually  collapsed  under  the  imposed  loading  but  it 
was  observed  that  the  deflections  were  increasing  quite 
raoidly  at  the  calculated  collapse  load.  In  a  few  of  the 
frames  for  final  load  increments,  the  deflection  rate  de¬ 
creased  slightly  as  the  load  increased.  This  phenomenom  was 
attributed  to  strain  hardening  in  the  material  at  sections  of 
large  curvature,  an  effect  which  is  neglected  in  the  sinrale 
plastic  theory.  Baker  reported,  "In  spite  of  this  effect  of 
strain  hardening  the  agreement  between  the  load  calculated 
to  cause  collapse  in  a  given  mode  and  the  region  at  which 
large  deflections  developed  was  so  close1 that  there  was  no 
doubt  of  the  existence  of  the  modes." 

Baker  was  now  ready  to  compare  the  theory  with  results 
obtained  from  tests  of  full-scale  rectangular  portal  frames. 
Tests  on  such  frames  were  carried  out  between  1948  and  1950.' 
These  frames  had  a  span  of  sixteen  feet  with  a  height  of  eight 
feet  and  were  formed  from  eight  inch  by  four  inch  joist  sections 
throughout.  They  were  tested  in  pairs  as  a  stability  meas- 
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ure  and  were  spaced  twelve  feet  apart.  Load  was  applied  both 
vertically  and  horizontally  by  adding  weight  in  the  form  of 
caterpillar  track  links  and  water  in  large  steel  tanks  attached 
indirectly  to  the  frames  at  the  desired  load  points.  The 
vertical  load  was  applied  at  the  centre  of  the  beam  span  and 
the  horizontal  load  acted  at  the  top  of  one  of  the  column 
sections. 

The  first  pair  of  frames  tested  had  hinge  supports  and 
the  vertical  load  was  equal  in  magnitude  to  the  lateral  load, 
thereby  subjecting  one-half  of  the  beam  span  to  the  full 
plastic  moment.  At  a  load  of  5»75  tons  the  frames  collapsed 
giving  a  favourable  comparison  with  the  calculated  collapse 
load  of  5*63  tons.  The  remaining  two  pairs  of  frames  were 
tested  with  rigid  supports  and  with  a  lateral  load  equal  to 
twice  the  vertical  load,  which  in  this  case  again  subjected 
one-half  of  the  beam  span  to  the  full  plastic  moment.  The 
calculated  collapse  load  in  both  of  these  cases  was  H  =  2V  = 
11.25  tons.  In  the  first  test  a  horizontal  load  of  13.11  tons 
was  applied  to  the  frame  without  causing  collapse  although 
large  deflections  occurred.  During  the  second  test  the  weld 
at  one  of  the  column  bases  broke  at  a  horizontal  load  of 
12.6k  tons,  well  above  the  theoretical  collapse  load,  and  the 
test  was  discontinued.  The  excess  carrying  capacity  of  the 
fixed-base  frames  beyond  the  theoretical  capacity  was  attrib¬ 
uted  again  to  strain  hardening  effects,, 

A  considerable  amount  of  work  in  connection  with  plastic 
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analysis  has  been  carried  out  at  Lehigh  University  under  the 

direction  of  Professor  Lynn  S.  Beedle.  The  first  tests  at 
(5) 

Lehigh  reported  in  1952  were  carried  out  on  two  full-scale 
rigid  rectangular  portal  frames.  The  frames  were  both  of  uni¬ 
form  section  throughout,  the  first  fabricated  from  8  WF  *+0 
and  the  second  from  8  B  13  sections.  The  frames  had  a  four¬ 
teen  foot  span  with  a  seven  foot  column  height,  and  were 
loaded  with  concentrated  vertical  loads  at  the  three-eighth 
points  of  the  beam  span.  The  frames  were  provided  with  ade¬ 
quate  support  to  prevent  side- sway  and  lateral  buckling.  The 
frames  had  hinged  support  conditions  and  were  loaded  using 
hydraulic  jacks,  the  load  being  measured  using  strain  dyna¬ 
mometers  in  one  case  and  with  deflection  dynamometers  in  the 
other.  The  paper  describing  these  tests  provides  a  detailed 
account  of  the  testing  techniques  employed  but  only  meagre 
test  results.  The  results  presented,  however,  are  sufficient 
to  show  that  one  of  the  frames  slightly  exceeded  its  calcu¬ 
lated  collapse  load  while  the  second  frame  failed  at  a  load 
slightly  belo w  the  predicted  value.  Both  frames  exhibited  a 
load  capacity  considerably  in  excess  of  that  calculated  to 
cause  initial  yielding  of  the  members  at  the  section  of  maxi¬ 
mum  moment. 

These  introductory  tests  at  Lehigh  were  followed  shortly 
by  tests^  on  two  more  full-scale  rigid  portal  frames,  the 
results  of  which  were  reported  in  195*+.  These  frames  were 
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fabricated  from  12  WF  36  shapes  with  a  column  height  of  ten 
feet  and  a  span  of  thirty  feet.  Horizontal  loads,  simulating 
the  effect  of  wind,  were  applied  simultaneously  with  verti¬ 
cal  loads.  The  first  frame  tested  was  hinge  supported  and 
was  subjected  to  vertical  loads  applied  at  the  third  points 
of  the  beam  span  together  with  horizontal  loads  equal  to  one- 
ninth  of  the  magnitude  of  the  vertical  loads  and  applied  at 
the  third  points  of  the  windward  column.  All  loads  were 
applied  by  hydraulic  jacks  and  strain  dynamometers  were  again 
used  to  measure  the  applied  loads.  The  beam  portion  was 
laterally  supported  using  struts  projecting  from  an  adjacent 
wall  and  provisions  were  made  to  measure  the  loads  induced 
in  the  struts  by  the  lateral  buckling  tendency  of  the  frame. 
The  columns  were  laterally  supported  only  at  the  top  and  bot¬ 
tom.  The  frame  carried  ninety-nine  percent  of  its  calculated 
ultimate  load  and  finally  failed  by  lateral  buckling  of  the 
leeward  column  after  considerable  deflection  had  occurred. 

The  second  frame  of  the  series  was  tested  with  fixed 
supports  and  was  also  subjected  to  combined  horizontal  and 
vertical  loading.  This  test  differed  from  the  first  one  in 
the  application  of  the  loads.  The  magnitude  of  the  horizontal 
loads  was  maintained  at  one-ninth  of  the  magnitude  of  the 
vertical  loads  until  ninety-seven  percent  of  the  calculated 
ultimate  load  was  reached  after  which  the  vertical  load  was 
held  constant  while  the  horizontal  loads  were  increased  until 
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collapse  occurred.  The  horizontal  loads  were  increased  to 
ninety-five  percent  of  their  calculated  ultimate  value  before 
collapse  occurred.  No  lateral  buckling  was  evident  under  the 
first  loading  increment  but  the  beam  finally  buckled  laterally 
during  the  second  stage  of  loading.  Large  deflections  again 
were  observed  before  buckling  occurred.  The  lateral  support 
forces  required  to  prevent  lateral  buckling  were  found  to  be 
relatively  small  in  both  tests. 

The  results  of  a  series  of  tests  conducted  at  the  Univer- 

/  O  \ 

sity  of  California  were  reported  in  I960.  }  These  tests  are 

of  particular  interest  in  connection  with  the  present  studies 
at  the  University  of  Mberta,  as  a  similar  loading  apparatus 
was  developed  for  the  tests  conducted  here.  Three  frames  in 
all  were  tested  in  the  California  series.  The  first  frame 
was  subjected  to  a  proportional  loading  with  the  applied  loads 
increasing  in  their  magnitude  at  the  same  rate,  the  second 
to  a  repeated  lateral  loading  causing  alternating  plasticity 
in  one  of  the  members  and  the  third  to  repeated  lateral  load¬ 
ing  causing  incremental  collapse  of  the  frame.  Alternating 
plasticity  and  incremental  collapse  are  beyond  the  scope  of 
the  introductory  tests  at  Alberta  and  therefore  a  discussion 
of  the  results  of  those  tests  is  omitted. 

The  frame  subjected  to  the  proportional  loading  had  a 
six  foot  column  height  and  a  span  length  of  six  feet.  The 
frame  was  of  uniform  section  throughout,  fabricated  from  k  WF  13. 
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The  ultimate  load  for  the  frame  calculated  on  the  basis  of  the 
conventional  plastic  analysis  was  found  to  be  considerably  lower 
than  the  observed  ultimate  load  so  a  refined  analysis  assum¬ 
ing  different  plastic  hinge  locations  was  made.  This  still 
gave  a  conservative  value  for  the  ultimate  capacity  but  was 
somewhat  closer  to  the  actual  value  observed  in  the  test. 

The  authors  attributed  the  increased  load  carrying  capacity 
to  strain-hardening  effects. 

The  results  of  the  tests  outlined  in  the  preceeding  para¬ 
graphs  along  with  the  results  of  tests  investigating  other 
aspects  of  plastic  analysis  have  served  to  show  that  the  plastic 
design  theory  is  verified  experimentally  and  can  be  used  with 
confidence  as  a  practical  design  method.  European  Building  Codes 
were  the  first  to  take  advantage  of  the  new  design  concept. 

In  19^8  a  clause  was  added  to  British  Standard  No.  *+99,  ’The 
Use  of  Structural  Steel  in  Building  ' ,  allowing  the  use  of 
plastic  design  methods.  The  American  Institute  of  Steel  Construction 
adopted  its  "Supplementary  Rules  for  Plastic  Design  and  Fabrication" 
in  1958.  In  accordance  with  these  rules,  the  designer  is 
allowed  to  employ  plastic  design  methods  in  the  design  of  con¬ 
tinuous  beams  and  one-and  two-storey  rigid  frames  and  similar 

portions  of  structures  rigidly  constructed  so  as  to  be  con- 

\  . 

tinuous  over  at  least  one  interior  support.  A  load  factor 
of  1.85  is  required  for  live  load  and  dead  load  acting  to¬ 
gether  and  a  load  factor  of  lAO  is  required  for  the  case 
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where  wind  loads  or  earthquake  loads  act  in  conjunction  with 
the  dead  loads  and  live  loads  imposed  upon  the  structure* 

In  Canada  the  1961  edition  of  the  Canadian  Standards 
Association  Specification  S16  covering  Steel  Structures  for 
Buildings  contains  a  section  on  Plastic  Design  and  Fabrica¬ 
tion*  This  specification  adheres  quite  closely  to  the  A,I*S*C* 
11  Supplement  ary  Rules  for  Plastic  Design  and  Fabrication”  with 
the  exception  of  one  significant  point*  The  C*S.A.  specifi¬ 
cation  allows  the  use  of  the  plastic  theory  for  the  design 
of  continuous  fixed- ended  floor  beams  in  structures  more  than 
two  storeys  in  height  provided  that  the  columns  below  the  se¬ 
cond  uppermost  storey  have  calculated  stresses  in  the  elastic 
range  when  the  structure  is  subjected  to  the  loads  causing 
collapse  of  the  plastically  designed  beam  sections* 

The  introduction  of  the  section  covering  plastic  design 
in  the  C*S*A.  Specification  Sl6  is  a  definite  indication 
that  the  use  of  plastic  analysis  in  design  has  come  of  age 
in  Canada  and  steel  designers  can  look  forward  to  a  trend 
away  from  elastic  design  procedures  for  statically  indeter¬ 
minate  structures. 

A  considerable  quantity  of  information  concerning  the 
plastic  action  of  steel  frames  and  their  structural  compon¬ 
ents  has  been  gained  in  recent  years  but  there  still  is  much 
to  be  learned  if  the  use  of  plastic  analysis  is  to  reach  its 
full  potential*  To  introduce  studies  in  plastic  analysis  at 
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the  University  of  Alberta  a  series  of  tests  was  conducted  in 
1961.  The  test  objectives  were  fundamental  in  nature  but  will 
provide  a  background  for  further  studies. 


f 


■ 

* 

■ 

♦  -  ' 


13 


SCOPE 

It  is  the  objective  of  the  present  program  to  provide  a 
basis  for  future  studies  in  the  field  of  plastic  analysis  at 
the  University  of  Alberta.  The  basic  objective  of  the  tests 
reported  herein  was  to  obtain  ultimate  load  values  for  frames 
tested  under  various  loading  conditions  and  provide  experi¬ 
mental  verification  of  plastic  theory. 

The  program  consisted  of  load  tests  on  four  hinge-supported 
frames.  The  various  loading  conditions  used  are  indicated  in 
Figure  1.  Frames  1  and  b  were  subjected  to  the  same  loading 
condition.  The  ^proportional"  loading  consisted  of  a  vertical 
load  applied  at  the  center  of  the  beam  span  and  a  horizontal 
load  applied  at  the  top  of  one  column.  Both  loads  were  of 
equal  magnitude.  Frame  No.  2  was  loaded  with  a  single  hori¬ 
zontal  load  applied  at  the  top  of  one  column,  and  Frame  No. 

3  with  a  single  vertical  load  applied  at  the  center  of  the 
beam  span. 

In  the  test  program,  attention  was  focussed  on  the  fol¬ 
lowing  behavior  characteristics: 

lo  Actual  load-carrying  capacity  of  the  frames 
as  compared  to  the  calculated  capacity. 

2.  Deflections  of  the  frames  under  load  as 
compared  to  computed  deflections. 

3.  The  formation  of  plastic  hinges  at  the  sec¬ 
tions  of  maximum  moment. 
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*+•  The  failure  mechanism  formed  in  each  frame 
at  ultimate  load. 

The  behavior  of  the  loading  apparatus  during  the  tests 
was  of  particular  interest  since  certain  features  departed 
from  methods  which  had  been  utilized  in  previous  investiga¬ 
tions. 
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SPEC IMENS 

The  four  frame  specimens  were  of  uniform  section  through¬ 
out  with  column  and  beam  sections  cut  from  b  I  9*5  material. 
They  had  a  column  height  of  four  feet  and  a  beam  span  of  six 
feet  as  indicated  in  Figure  2o  The  holes  at  the  column  bases 
allowed  the  insertion  of  one  and  one-eighth  inch  diameter 
finished  pins  in  order  to  mount  the  specimens  in  the  load¬ 
ing  frame,  A  hinged  support  condition  was  assumed  to  exist 
for  this  type  of  connection  between  the  specimen  and  the 
loading  frame* 

The  corner  connections,  shown  in  detail  in  Figure  3, 
were  welded  in  order  to  obtain  the  greatest  possible  rigidity. 
The  welds  in  the  connections  were  proportioned  such  that  the 
maximum  weld  stress  at  ultimate  load  did  not  exceed  1*65 
times  the  allowable  weld  stresses  given  in  the  present  elas¬ 
tic  design  codes.  This  is  in  accordance  with  the  new  C.S.A. 
Sl6  1961  Specification  for  Steel  Structures  for  Buildings 
and  with  the  A.I.S.C.  Supplementary  Rules  for  Plastic  Design 
and  Fabrication:  Using  these  recommendations,  the  weld 
stress  at  the  throat  of  the  weld  should  not  exceed  22,b-00 
p*s.i.  at  ultimate  load.  The  design  stress  on  the  leg  of  the 
weld  then  should  not  exceed  1^,800  p.s.i* 

Flange  plates  were  welded  to  the  beam  at  the  connections 
so  that  the  plastic  hinges  at  the  corners  would  form  in  the 
column  section.  The  corner  connections  were  well  stiffened 
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FIG. 3. —  DETAILS  OF  RIGID  FRAME 
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to  assure  that  local  buckling  would  not  occur  in  the  connec¬ 
tions  before  the  ultimate  load  was  reached.  The  horizontal 
stiffener  in  the  column  web  was  designed  to  distribute  the 
thrust  from  the  lower  flange  of  the  beam  and  reduce  the  web 
crippling  tendency.  Diagonal  stiffeners  were  used  to  resist 
the  high  shear  stresses  encountered  in  the  web.  Vertical 
bearing  stiffeners  were  provided  at  the  center  of  the  beam 
to  prevent  web  crippling  under  the  vertical  concentrated 
load. 

The  column  flanges  were  coped  at  the  base,  as  shown  in 
Figure  3,  so  the  frames  could  be  fitted  into  the  hinge  support 
provided  in  the  loading  frame.  Doubler  plates  were  used  to 
increase  the  bearing  capacity  of  the  column  web  at  the  hinge. 
The  one  and  one-eighth  inch  diameter  holes  provided  for  the 
hinge  pins  were  reamed  to  reduce  the  rotation  resistance  at 
the  hinge  as  much  as  possible. 

In  addition  to  the  frame  specimens,  the  fabricator  sup¬ 
plied  three  short  sections  of  4  I  9*5  material  that  were  cut 
from  the  same  stock  used  in  the  fabrication  of  the  frames. 

Two  coupons,  cut  from  the  webs  of  these  sections,  were  used 
to  determine  the  modulus  of  elasticity  and  yield  point 
strength  of  the  steel. 
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INSTRUMENTATION 


A#  Load  Measurement 

Loads  were  measured  using  a  Baldwin  pressure  gauge  de¬ 
signed  for  use  with,  the  hydraulic  rams  employed  in  the  loading 
system.  The  gauge  was  calibrated  in  the  University's  200,000 
pound  capacity  Baldwin  Testing  Machine.  Calibration  figures 
are  given  in  Appendix  C* 

B.  Deflection  Measurements 

Two  systems  were  employed  in  the  measurement  of  deflec¬ 
tions.  "Federal"  dial  indicators,  reading  to  0.001  inch  and 
having  a  one  inch  travel  were  used  in  the  lower  load  ranges 
where  deflections  were  small.  For  higher  loads  where  the 
deflections  exceeded  the  dial  travel,  a  second  system  provided 
a  means  of  measurement  without  resetting  the  indicators.  In 
this  system  two  surveyor's  levels  and  two  steel  scales,  gradu¬ 
ated  in  1/100  of  an  inch  were  employed.  One  of  the  scales 
was  attached  to  a  column,  as  shorn  in  Figure  6,  and  one  of 
the  levels  was  focussed  on  it  from  a  distance  of  approximately 
ten  feet*  Horizontal  movement  of  the  frame  was  observed  by 
using  the  vertical  cross-hair  of  the  level  to  take  readings 
on  the  scale  at  each  load  increment.  The  second  scale  was 
attached  at  the  centre  of  the  beam  span  as  shown  in  Figure  7, 
and  the  horizontal  cross-hair  of  the  second  level  was  used 
to  take  the  vertical  deflection  readings  at  each  load  incre¬ 
ment.  Figure  4  gives  an  overall  view  of  the  test  set-up  show- 
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FIGURE  4  -  GENERAL  VIEW  OF  TEST  APPARATUS 


FIGURE  5  -  GENERAL  VIEW  OF  INSTRUMENTATION  FOR 
DEFLECTION  MEASUREMENTS 


WINDWARD  COLUMN 
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MIDSPAN  OF  BEAM 


FIGURE  8  -  DIAL  INSTALLATION  AT 
LBEViARD  COLUMN 
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ing  the  levels  in  position. 

In  Figure  5  the  dial  indicators  are  shown  in  place  for 
deflection  measurements  on  Frame  No.  3»  A  similar  set-up  was 
used  for  frames  1,  2  and  4  with  the  exception  of  the  vertical 
deflection  dial  at  the  midspan  of  the  beam.  Horizontal  move¬ 
ment  of  the  bean  under  the  action  of  the  horizontal  loading 
on  these  frames  prevented  effective  use  of  the  dial  so  verti¬ 
cal  deflections  were  measured  with  the  scale  and  level 
arrangement  only.  Figures  6,  7  and  8  show  close-up  views  of 
the  dial  and  scale  installations  at  the  windward  column, 
midspan  of  the  beam,  and  at  the  leeward  column  respectively. 
Horizontal  movement  of  the  roller  mechanism  was  measured  by 
means  of  a  dial  indicator  in  tests  1  and  4. 

Co  Strain  Measurements 

Electrical  resistance  strain  gauges  were  used  to  measure 
strains  at  the  locations  where  plastic  hinges  were  expected 
to  form.  Sixteen  Type  A-3,  SR-4  gauges  were  mounted  on  each 
frame,  with  six  grouped  near  the  top  of  each  column  and  four 
grouped  near  the  midspan  of  the  beam  as  shown  in  Figure  9» 

In  preparing  the  metal  surface  for  the  gauges  the  mill- 
scale  was  removed  and  a  smooth  surface  produced  on  the  parent 
metal.  This  was  a  relatively  simple  procedure  for  the  flange 
gauge  locations  where  it  was  possible  to  use  a  heavy  rotary- 
disc  sander  to  do  the  job.  The  web  gauge  locations  were  some¬ 
what  more  difficult  to  prepare  because  it  was  necessary  to 
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work  in  the  restricted  area  between  the  flanges,  A  small 
rotary  grinder  was  used  which  had  to  be  handled  very  care¬ 
fully  in  order  to  obtain  the  desired  result.  The  surface 
was  then  cleaned  thoroughly  with  acetone  as  recommended  by 
the  gauge  manufacturer.  The  gauges  were  then  mounted  using 
a  liberal  quantity  of  C. I.L.  Household  Cement.  Care  was  taken 
to  squeeze  out  any  air  bubbles  in  the  cement  so  that  the 
gauges  were  in  intimate  contact  with  the  parent  metal  of  the 
frames.  The  cement  was  allowed  to  dry  for  approximately 
twelve  hours.  The  gauges  were  then  checked  with  an  ohmeter. 
Defective  gauges  were  removed  and  replaced  immediately. 

When  the  gauges  functioned  properly  they  were  waterproofed 
with  two  coats  of  neoprene. 

After  a  frame  had  been  set  in  place  in  the  loading  frame, 
the  gauges  were  connected  to  a  Baldwin-Lima  Hamilton  20  Point 
Switching  Unit.  The  connections  at  the  gauges  were  soldered 
and  waterproofed  with  two  coats  of  neoprene.  Strain  read¬ 
ings  were  taken  with  a  Baldwin-Lima  Hamilton,  Type  h,  SR-4 
Strain  Indicator. 

A  Demec  Gauge  was  employed  to  detect  lateral  buckling 
tendencies  at  midspan  of  frames  2,  3  and  k.  The  gauge  points 
shown  in  Figure  7,  were  attached  to  the  frames  at  their  proper 
gauge  distance  by  means  of  sealing  wax.  Readings  were  taken 
with  the  Demec  Gauge  at  each  load  increment. 
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D.  Stress  Coating 

After  the  frames  had  been  set  in  place  in  the  loading 
frame,  they  were  given  two  coats  of  whitewash.  The  whitewash 
acted  as  a  stresscoat  so  that  the  yielding  could  be  observed 
as  the  plastic  hinges  formed  in  the  frames. 
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LOADING  SYSTEM 

Loads  were  applied  to  the  frame  specimens  by  means  of  a 
self-contained  system  consisting  of  a  '"’closed1*  loading  frame 
and  hydraulic  rams#  The  loading  frame  was  designed  by  the 
author  for  these  tests  and  details  of  the  design  are  included 
in  Appendix  A#  "Blackhawk  RC-161'1  hydraulic  rams  with  a 
capacity  of  ten  tons  and  a  plunger  travel  of  ten  inches,  were 
used  to  apply  the  loads. 

The  loading  system  used  for  tests  1  and  h  is  shown  in 
Figure  11.  The  horizontal  load  ram  complete  with  the  base¬ 
plate  was  bolted  directly  to  the  column  of  the  loading  frame 
as  shown  in  the  Figure.  The  vertical  load  ram  was  mounted 
on  a  roller  mechanism  designed  to  allow  the  necessary  motion. 
Details  of  the  roller  mechanism,  shown  in  Figure  10,  are 
given  in  Appendix  B.  Friction  between  the  rubber  loading 
head  of  the  ram  and  the  frame  provided  the  horizontal  force 
to  move  the  roller  mechanism.  The  roller  mechanism  rolled 
on  a  roller  plate  attached  to  the  lower  beam  of  the  loading 
frame.  The  test  specimens  were  tested  in  what  might  be  re¬ 
ferred  to  as  an  upside  down  position  with  the  hinged  supports 
attached  to  the  upper  beam  of  the  loading  frame.  Both  rams 
were  operated  with  a  single  "Blackhawk  P-59"  pump  allowing 
equal  loads  to  be  maintained  on  the  rams  throughout  the  tests. 

The  loading  system  used  for  the  second  test  is  shoxm  in 
Figure  12.  The  system  was  similar  to  that  used  for  tests  1 
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FIGURE  10  -  ROLLER  MECHANISM 
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FIGURE  11  -  LOADING  SYSTEM  FOE  FRAME  NOS#  1  AND  h 
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FIGURE  12  -  LOADING  SYSTEM  FOR  FRAME  NO. 


FIGURE  13  -  LOADING  SYSTEM  FOR  FRAME  NO 
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and  4-  with  the  exception  that  no  vertical  load  was  applied* 

The  horizontal  load  ram  used  was  bolted  directly  to  the 
column  of  the  loading  frame  as  in  tests  1  and  4-  and  operated 
with  the  *P-59”  pump. 

Figure  13  shows  the  loading  system  used  for  the  third 
test.  No  horizontal  load  was  applied  in  this  test  so  the 
vertical  load  ram  could  have  been  attached  directly  to  the 
loading  frame  to  prevent  any  horizontal  deflection  of  the 
specimen  frame  under  loado  The  ram,  however,  was  mounted  on 
the  roller  mechanism,  as  shorn  in  the  figure,  so  that  there 
was  very  little  resistance  to  horizontal  motion  offered  by 
the  loading  system.  The  frame  was  then  free  to  collapse  by 
forming  either  a  side- sway  mechanism  or  a  beam  mechanism. 

Lateral  support  was  provided  for  the  frames  by  channel 
sections  shown  in  Figure  5*  Structural  angles  projecting 
from  the  channels  were  used  to  produce  contact  with  the  speci¬ 
mens  . 
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EXPERIMENTAL  PROCEDURE 

SR-k  strain  gauges  were  mounted  on  each  frame,  checked 
for  breakages,  and  given  their  initial  coats  of  neoprene  be¬ 
fore  the  frame  was  positioned  in  the  loading  system.  After 
each  frame  had  been  raised  into  position,  the  strain  gauges 
were  connected  to  the  switch-box  and  the  connections  soldered 
before  the  final  coats  of  neoprene  were  applied.  After  the 
neoprene  had  dried  sufficiently,  the  whitewash  stress  coat 
was  applied.  The  whitewash  dried  within  three  or  four  hours 
and  the  lateral  support  channels  were  then  placed  in  position 
on  both  sides  of  the  beam  of  the  portal  frame.  Four  2\] lft  x 
1-J-"  x  3/8”  angle  sections  were  connected  to  the  back  of  each 
channel  with  their  2-g-”  legs  projecting  as  can  be  seen  in 
Figure  5*  The  short  angle  sections  were  ” shimmed”  to  give 
one-sixteenth  of  an  inch  clearance  between  the  angles  and 
the  edges  of  the  beam  flanges  so  that  movement  in  the  plane 
of  the  frame  was  not  impeded  by  the  lateral  support  system. 
Demec  gauge  points  were  then  attached  to  the  frame  and  the 
remaining  instrumentation,  consisting  of  the  appropriate  dials 
and  scales,  was  properly  positioned. 

After  the  instrumentation  had  been  completed,  the  hydrau¬ 
lic  rams  required  for  the  particular  test  were  placed  in 
position.  In  tests  1,  3  and  k,  where  the  roller  mechanism 
was  used,  the  roller  was  carefully  aligned  so  that  it  would 
move  parallel  to  the  horizontal  motion  of  the  portal  frame 
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without  forcing  the  frame  to  drag  heavily  against  the  lateral 
support  system.  Surveyors  levels  were  placed  in  position 
shortly  before  the  beginning  of  each  test. 

Three  men  were  required  to  conduct  each  test.  The  first 
was  in  charge  of  the  loading  apparatus.  His  duties  included 
applying  the  loads  and  maintaining  the  loads  at  the  proper 
level  while  r eadings  were  taken.  Leakage  in  the  hydraulic 
system  caused  the  loads  to  drop  off  if  the  system  was  left 
unattended.  The  second  man  took  the  demec  gauge  readings, 
read  the  deflection  dials,  and  took  the  level  readings  at 
each  load  increment.  He  reduced  the  deflection  dial  readings 
immediately  and  plotted  a  load-deflection  curve  as  the  tests 
progressed.  The  third  man  took  strain  gauge  readings  at 
each  load  increment.  The  testing  period  for  one  test  ranged 
from  three  to  four  hours. 

Zero  readings  were  taken  in  each  test  prior  to  the  appli¬ 
cation  of  any  load.  The  loads  were  applied  using  equal  load 
increments  on  the  pressure  gauge.  The  gauge  was  calibrated 
to  determine  the  actual  load  increments.  Calibration  figures 
are  given  in  Appendix  C.  In  the  first  test,  loads  were 
applied  in  pressure  gauge  increments  of  400  lb.  up  to  a  gauge 
reading  of  5600  lb.  corresponding  to  an  actual  load  of  5*+00 
lb.  Strain  gauge  readings  and  deflection  readings  were  taken 
at  each  load  increment.  At  this  load,  5*+00  lbs.,  the  load- 
deflection  curve  was  beginning  to  bend  away  from  the  straight 
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line  relationship  so  the  gauge  increments  were  reduced  to  200 
lbs.  to  give  more  points  on  the  curve.  Deflection  readings 
were  then  taken  with  the  surveyor* s  levels  at  each  200  lb. 
increment  to  the  end  of  the  test.  Deflection  readings  with 
the  Federal  dial  were  discontinued  when  the  load  reached 
6600  lbs.  Strain  gauge  readings  were  continued  at  the  400 
lb.  gauge  increments  up  to  a  load  of  6200  lbs.  before  they 
were  discontinued® 

In  the  fourth  test,  loads  were  applied  in  pressure  gauge 
increments  of  400  lbs.  up  to  a  gauge  reading  of  7600  lbs. 
corresponding  to  an  actual  load  of  7400  lbs.  Strain  gauge 
readings  were  taken  at  each  increment  up  to  this  load.  When 
the  deflections  began  increasing  rapidly,  the  Federal  dial 
readings  were  discontinued  because  the  deflection  in  a  single 
load  increment  became  greater  than  the  dial  travel.  Deflec¬ 
tion  readings  were  taken  with  the  surveyor's  levels  up  until 
the  end  of  the  test.  Demec  gauge  readings  were  taken  at 
each  load  increment  up  to  a  load  of  7000  lbs. 

In  the  second  test,  the  load  was  applied  in  gauge  in¬ 
crements  of  400  lbs.  up  to  a  gauge  reading  of  6000  lbs.  cor¬ 
responding  to  a  load  of  5750  lbs.  Strain  gauge  readings, 
demec  gauge  readings  and  deflection  readings  were  taken  at 
each  load  increment.  Beyond  the  6000  lb.  gauge  reading,  the 
gauge  increments  were  reduced  to  200  lbs.  until  the  gauge  read¬ 
ing  reached  8200  lbs.  corresponding  to  a  load  of  7900  lbs. 
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The  gauge  increments  were  then  increased  to  *+00  lbs,  again 
until  the  end  of  the  test.  Strain  gauge  readings  were  taken 
at  each  400  lb,  gauge  increment  until  the  load  reached  6500 
lbs,  when  the  readings  were  discontinued.  Deflection  read¬ 
ings  were  made  with  the  Federal  dials  until  the  load  reached 
7900  lbs,  and  with  the  surveyor’s  levels  until  the  end  of  the 
test.  Demec  gauge  readings  were  taken  until  the  end  of  the 
test. 

The  ultimate  load  on  the  third  frame  was  expected  to  be 
somewhat  greater  than  on  frames  1,  2  and  b  so  the  magnitude 
of  the  load  increments  was  increased.  The  loads  were  applied 
in  800  lb.  gauge  increments  throughout  the  test  with  exception 
of  the  last  increment  which  was  only  200  lbs.  The  loading 
was  discontinued  at  a  gauge  reading  of  21000  lbs.  which  was 
1000  lbs.  greater  than  the  rated  capacity  of  the  hydraulic 
ram.  Strain  gauge  readings  were  discontinued  when  the  load 
reached  17500  lbs.  Deflection  readings  were  made  with  the 
levels  and  with  the  Federal  dials  throughout  the  entire  test 
with  the  exception  of  the  dial  at  the  raidspan  of  the  beam 
which  was  removed  before  the  last  load  increment  was  applied. 
Demec  readings  were  discontinued  when  the  load  reached  19950 
lbs. 

Two  coupons  cut  from  short  pieces  of  stock  supplied  by 
the  fabricator  were  used  to  determine  the  modulus  of  elasti¬ 
city  and  the  yield  point  strength  of  the  material.  The  cou- 
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pons  were  tested  in  the  Baldwin  200,000  lb.  capacity  testing 
machine  with  the  automatic  stress-strain  recorder  attached 
to  draw  the  stress-strain  curve.  Two  SR-1)-  strain  gauges 
were  attached  to  each  coupon  to  provide  precise  strain  meas¬ 
urements  for  the  modulus  of  elasticity  determinations. 

Load  was  applied  to  the  coupons  in  500  lb.  increments  until 
the  yield  point  was  reached.  Strain  gauge  readings  were 
taken  after  each  load  increment.  The  yield  point  load  was 
read  directly  on  the  dial  of  the  testing  machine.  After  yield¬ 
ing  occurred  the  load  was  applied  continuously  until  the 
coupons  failed.  Two  additional  coupons  were  cut  and  tested 
at  the  A.S.T.M.  specified  maximum  strain  rate  of  1/16  of  an 
inch  per  minute  per  inch  of  gauge  length  in  order  to  determine 
the  effect  of  strain  rate  on  the  value  of  yield  stress  observed 
in  a  tension  test.  These  coupons  were  tested  in  the  Baldwin 
200,000  lb.  capacity  testing  machine  and  yield  loads  were 
read  directly  on  the  load  dial  of  the  machine. 
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MATERIAL  PROPERTIES 


Data  obtained  from  tests  on  two  tensile  coupons  taken 
from  the  web  material  are  presented  in  Appendix  E.  Stress- 
strain  curves  were  plotted  from  the  SR-4  strain  gauge  data 
and  were  used  to  determine  the  modulus  of  elasticity  of  the 
frame  material.  These  curves  are  shown  in  Figure  l4.  Both 
curves  gave  a  modulus  of  elasticity  value  of  31.0  x  10 
p.s.i.  and  this  value  was  used  in  making  theoretical  deflec¬ 
tion  calculations  for  the  frames.  Values  of  the  load  at 
which  lower  yield  occurred  were  read  from  the  load  dial  on 
the  testing  machine.  These  values  gave  lower  yield  point 
stresses  of  *+4.4  k.s.i.  and  43.6  k.s.i.  for  coupons  1  and  2 
respectively.  An  average  value  of  44.0  k.s.i.  was  used  in 
computing  theoretical  load  carrying  capacities. 

In  conducting  the  above  tests,  it  was  necessary  to  apply 
the  load  in  increments  in  the  load  range  below  the  yield 
point  so  that  strain  gauge  readings  could  be  taken.  There¬ 
fore  the  test  was  a  slow  test.  A.S.T.M.  Specification  A 
370-54T  specifies  that  a  uniform  strain  rate  not  exceeding 
1/16  inch  per  minute  per  inch  of  gauge  length  should  be  used 
in  a  standard  tension  test  after  the  load  on  the  coupon 
reaches  one-half  of  the  yield  point  load.  To  check  the 
effect  of  loading  rate,  two  additional  coupons  were  loaded 
at  the  specified  maximum  A.S.T.M.  strain  rate.  Readings 


gjKoquoa  ■  ■  a  '  \&  Mo  s 

»  ...  ‘  '3  r  ... ,  :  .  '■ 

'■  -■  ..  f)1:.  . 

tc  .  .  .  €  6  ■  4ll  ' .  .  . 

0?  *  .  .. 

.  :  .  £.0 

■ £ 


$  -  n  8XIC 

-  I  ....  oJ  ■  I-  i  h  ■  .  ■  ■  .  j  ,  ©J 


S 


* 


-  ■■  r-f  r  '• j :  ..  'Y  -• 

K  4  4  tv 


j 


•  ■  of  oo  o  ?  .  .  o  ;  ocoo'  e.  .'  :  a.l:r  u- .  o  rcl 

U.©j  .  .  ©X  il  ■ 

,  .  ‘  ■  o  . 

.  .3 

:  ..  •.  '.  “.  r  ■  :  ;■  .  oo'-  oo  ■  c  X  S  i- 

.  o 


re.’’-.-  .  .  :  ,;iJ  ,;3.C 


■  I  !f  t  1  ,  C  ‘1 

c v  <  £  ■  .  f i:  '  I  to  V3;o 


cOlOO  .  .  j.  j  ) 


44.0 


40 


STRAIN  IN 


of  the  lower  yield  load  taken  on  the  dial  of  the  testing 
machine  indicated  lower  yield  stresses  of  50.7  k.s.i.  and 
52.0  k.s.i.  for  these  coupons. 
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TEST  RESULTS 

Test  results  are  presented  for  each  frame  as  follows: 

1*  Load-deflection  curves  for  each  load  point, 

2.  Moment-curvature  curves  for  the  strain 
gauge  locations  at  the  top  of  each  column. 

3.  Load- strain  curves  for  the  demec  gauge 
locations  at  the  raidspan  of  the  beam  (frames 
2,  3  and  4  only). 

4.  Photographs  giving  a  general  view  of  the 
frames  after  testing. 

5.  Closeup  views  of  some  of  the  plastic  hinges 
formed. 

The  results  for  each  frame  are  presented  separately  in 
the  order  in  which  they  occur  in  the  discussion. 

The  load-deflection  curves  were  plotted  using  readings 
from  the  dial  indicators  whenever  possible.  Scale  readings 
were  used  for  some  of  the  higher  load  ranges  after  the  dial 
readings  had  been  discontinued  and  were  also  used  for  entire 
load  ranges  in  cases  where  it  was  not  feasible  to  use  dial 
indicators  for  any  of  the  readings.  Vertical  deflections  at 
midspan  of  the  beam  in  Tests  1  and  4  were  plotted  using 
scale  readings  only.  Horizontal  deflections  were  measured  at 
the  top  of  the  windward  or  loaded  column.  The  data  used  in 
plotting  the  curves  is  presented  in  Appendix  F.  In  addition 
to  the  observed  deflections,  a  plot  of  theoretical  deflections 
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has  been  made  in  each  case  to  provide  a  means  of  comparing 
actual  results  with  predicted  results.  In  calculating 
theoretical  deflections,  plastic  hinges  forming  at  the  corners 
of  the  frames  were  assumed  to  form  at  the  corners  of  the 
line  diagram  representing  the  centrelines  of  the  frame  members. 
The  theoretical  deflections  prior  to  the  formation  of  the 
first  plastic  hinge  were  calculated  using  the  Maxwell-Mohr 
equations,  while  deflections  at  ultimate  load  were  calculated 
using  the  slope-deflection  equations.  Deflection  calculations 
are  included  in  Appendix  D» 

Plots  of  the  moment-curvature  relationship  have  been 
drawn  for  the  strain  gauge  locations  near  the  top  of  each 
column.  These  curves  are  based  on  assumed  load-reaction  re¬ 
lationships  since  no  instrumentation  was  used  to  determine 
reaction  components.  Prior  to  the  formation  of  the  first 
plastic-hinge,  the  load-reaction  relationship  was  assumed  to 
be  that  determined  by  an  elastic  analysis  of  the  frame.  Upon 
the  formation  of  the  first  plastic  hinge,  a  new  relationship 
was  established  on  the  basis  that  the  plastic  moment  acted 
at  the  first  hinge.  This  new  relationship  was  then  assumed 
to  be  true  for  the  remaining  load  range  up  to  the  predicted 
ultimate  load.  Having  thus  established  the  load-reaction 
relationship  for  the  entire  loading  range,  it  was  possible 
to  calculate  the  moments  at  the  strain  gaug^  locations  for 
each  load  increment.  Curvatures  were  calculated  using  the 
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SR-4  strain  gauge  data  obtained  from  the  four  flange  gauges 
near  the  top  of  each  column.  The  average  strain  for  the  four 
flange  gauges  was  found  and  divided  by  one-half  of  the  member 
depth  to  obtain  curvature  values.  Theoretical  moment-curvature 
relationships  for  the  4  I  section  have  been  drawn  for 
comparison  with  the  above  curves.  Calculations  for  the  load- 
reaction  relationships  and  for  the  theoretical  moment-curva¬ 
ture  relationships  are  included  in  Appendix  D. 

Strains  measured  with  the  demec  gauge  at  midspan  of  the 
beam  in  Tests  2,  3  and  4  were  plotted  against  load  to  show 
lateral  buckling  tendencies  of  the  beam.  The  strains  were 
measured  at  both  edges  of  the  lower  flange  of  the  beam0 
Differences  in  the  measured  strains  at  the  same  load  incre¬ 
ment  presumably  would  mean  that  the  beam  was  bending  about 
its  weak  axis  at  midsnan.  Large  differences  in  the  strains 
would  indicate  lateral  buckling  of  the  beam.  Demec  No0  1 
refers  to  the  gauge  points  attached  near  the  flange  toe 
farthest  from  the  reader,  and  Demec  No.  2  to  the  gauge 
points  attached  near  the  flange  toe  nearest  the  reader  when 
looking  at  Figure  4. 
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FIGURE  18  -  FRAME  NO,  1  AFTER  TEST 


FRAME  NO.  3 


FRAME  NO.  1 


o 

z 

Q 

< 

o 


(d)-SdlM  N I  GVOH 


VERTICAL  DEFLECTION  IN  INCHES 


CURVATURE  IN  RADIANS  PER  INCH 


0  01 


STRAIN  IN  INCHES  PER  INCH 


4  V 


FIGURE  °8  -  WINDWARD  PORTION  OF  BEAM 
FRAME  NO.  4 
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FIGURE  35  -  FRAME  NO.  2  AFTER  TEST 
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FIGURE  39  -  FRAME  NO,  3  AFTER  TEST 


FIGURE  M-0  -  PLASTIC  HINGE  AT  MID  SPAN  OF  BEAM 
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DISCUSSION 


Frame  Nos  1  and  4 

Results  of  tests  on  these  frames  are  shown  in  Figures 
15  to  30  inclusive*,  Both  of  the  frames  were  subjected  to 
combined  horizontal  and  vertical  loading  of  equal  magnitude 
and  were  expected  to  behave  in  a  similar  manner;  as  a  con¬ 
sequence,  they  are  discussed  together  in  order  to  compare 
results. 

In  this  discussion  frequent  reference  will  be  made  to 
the  windward  column  and  to  the  leeward  column.  The  windward 
column  (shown  to  the  viewer’s  left  in  Figure  11)  refers  to 
the  column  subjected  to  the  horizontal  load  which  simulates 
a  wind  loading.  The  leeward  column  is  to  the  viewer’s  right 
in  this  figure# 

Calculations  made  according  to  the  simple  plastic  theory 
indicated  that  the  frames  should  form  a  side-sway  mechanism 
and  collapse  when  the  magnitude  of  the  applied  loads  reached 
7*33  kips.  These  calculations  were  made  on  the  assumption 
that  plastic  hinges  would  occur  at  the  corners  of  the  line 
diagram  formed  by  the  centrelines  of  the  frame  members  as 
was  assumed  in  other  theoretical  calculations#  This  assumption 
normally  would  be  made  by  a  designer  using  the  plastic  de¬ 
sign  methods  for  the  design  of  a  steel  frame  similar  to  the 

0) 

ones  used  in  these  tests.  According  to  Beedle  ,  the  effect 
of  axial  load  on  the  plastic  moment  can  be  neglected  with  a 
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resulting  error  of  less  than  5  percent  if  the  ratio  of  F_ 

py 

is  less  than  0.15  where  P  is  the  axial  load  on  the  member 
and  Py  is  the  concentric  load  that  would  c  ause  yielding  of 
the  entire  column  cross-section.  In  frames  1  and  4,  the 
leeward  column  carried  the  greatest  axial  load,  computed  as 
80 55  kips  at  theoretical  ultimate  load®  Py  for  the  4  I  9*5 
for  a  yield  stress  of  44.0  koSoi.  is  about  121,5  kips.  Thus, 
the  ratio  P^  for  the  leeward  column  was  approximately  0„0 7 

py 

well  below  0,15  so  the  effect  of  the  axial  load  was  neglected 

(9) 

in  the  calculations  of  ultimate  load.  Beedle  recommends 
a  maximum  allowable  shear  force  of  Vmax  =  18.0  wd  where  Mwn 
is  the  web  thickness  and  Md"  is  the  section  depth  in  order 
that  the  plastic  moment  be  not  reduced  as  a  result  of  the 
effect  of  shearing  force.  For  the  4  I  9*5  section  this  gives 
a  maximum  allowable  shear  value  of  approximately  23 ©4  kips. 

In  Tests  1  and  4,  the  maximum  theoretical  shear  in  the  columns 
at  ultimate  load  was  3*87  kips  and  in  the  beam  8.55  kips, 
both  well  below  the  maximum  value  of  23 o4  kips.  Therefore 
shear  was  disregarded  in  the  theoretical  calculations  of 
ultimate  load.  The  new  Canadian  Standards  Association 
Specification  Sl6  for  Steel  Structures  for  Buildings  contains 
the  same  recommendations  concerning  shear  and  axial  load  as 
have  been  outlined  above. 

Lateral  buckling  produced  collapse  of  frame  No,  1  before 
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the  predicted  ultimate  load  of  7.33  kips  was  reached.  At 
a  load  of  7.0  kips,  buckling  of  the  windward  half  of  the 
beam  and  of  the  leeward  column  was  observed  and  further 
operation  of  the  hydraulic  rams  increased  the  buckling  de¬ 
formations  with  no  further  increase  in  load  so  the  test  was 
halted.  This  test  showed  that  the  lateral  support  channels 
apparently  were  not  rigid  enough  to  withstand  the  imposed 
lateral  forces  so  in  subsequent  tests,  they  were  tied  to¬ 
gether  at  intervals  by  one-half  by  two  inch  straps  and  bolts 
as  shown  in  Figure 

In  test  No.  4,  the  improved  lateral  support  system  pre~ 
vented  lateral  buckling  of  the  beam  but  the  leeward  column 
again  buckled  slightly.  Buckling  of  the  column  was  not 
observed  until  after  the  frame  had  reached  a  load  in  excess 
of  its  predicted  ultimate  load  and  apparently  did  not  affect 
the  load  carrying  capacity  of  the  frame.  The  loading  was 
stopped  at  7.70  kips,  about  five  percent  in  excess  of  the 
predicted  ultimate  loado  At  this  point  the  load  was  still 
increasing  slightly  which  was  probably  due  to  the  occurrence 
of  strain  hardening  at  the  sections  of  high  curvature.  The 
difference  between  the  observed  load  carrying  capacities 
exhibited  by  the  two  frames  appears  to  be  a  direct  result 
of  the  different  lateral  support  provided.  Tests  at  the 

/  o  \ 

University  of  California  on  frames  similar  to  those  tested 
here  showed  an  actual  carrying  capacity  in  excess  of  the 
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predicted  capacity  as  did  frame  No.  b.  The  increased  capa¬ 
city  in  the  California  tests  was  attributed  to  the  effect  of 
strain  hardening  as  was  done  here. 

C.S.A.  Specification  Sl6  specifies  that  all  plastic  hinges 
except  the  last  one  to  form  shall  be  adequately  braced  to 
resist  lateral  and  torsional  displacement  and  that  the 
laterally  unsupported  distance  to  adjacent  support  points 
need  not  be  less  than; 

L0-p  =  (60~’+0  M  )  iv 

y 

nor  less  than  35  where 
Lcr  is  the  laterally  unsupported  distance; 
r y  is  the  radius  of  gyration  of  the  member  about 
its  weak  arris; 

M  is  the  lesser  of  the  moments  at  the  ends  of 
the  unbraced  segment; 
and  Mp  is  the  plastic  moment, 
r  for  the  b  I  9.5  sections  used  in  the  frames  is  0.59 

y 

inches.  Measurements  taken  on  the  sections  compared  quite 
closely  with  handbook  values  so  tabulated  values  of  the  sec-* 
tion  properties  have  been  used  for  all  calculations.  35  Py 
gives  a  minimum  required  spacing  between  lateral  supports 
of  twenty-one  inches.  The  small  projecting  angles  on  the 
lateral  support  channels  were  spaced  approximately  eighteen 
inches  apart  which  was  less  than  the  required  minimum  spac¬ 
ing  and  was  sufficient  to  prevent  lateral  buckling  oi  the 
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beam  when  the  support  channels  did  not  move  apart,  Accord- 
ing  to  the  CoS. A.  Specifications,  the  leeward  column,  which 
was  subjected  to  the  plastic  moment  at  one  end  and  was  pin 
supported  at  the  other,  should  have  been  laterally  supported 
at  a  distance  of  60  ry  or  approximately  thirty-six  inches 
from  its  connection  with  the  beam,  where  the  plastic  hinge 
formed.  The  need  for  the  lateral  support  was  shorn  by  the 
fact  that  the  leeward  column  buckled  in  both  tests.  Column 
instability  apparently  was  not  a  factor  in  the  buckling 
failure  since  the  column  had  an  L/r  ratio  in  the  plane  of 
the  frame  of  29,  well  below  the  value  of  60  permitted  by 
the  C.S.A.  S16  for  a  pin-ended  column  with  a  ratio  less 

than  0.1 5o 

Load  vs.  horizontal  deflection  curves  for  frames  1  and 
k  are  shown  in  Figures  15  and  23  respectively.  Both  frames 
followed  the  theoretical  deflection  curve  quite  closely  for 
the  lower  loads  and  frame  No.  k  followed  the  theoretical 
curve  quite  closely  throughout  the  entire  loading  range. 

The  curve  for  frame  No.  1,  which  failed  to  reach  its  pre¬ 
dicted  ultimate  load,  fell  slightly  below  the  theoretical 
curve  in  the  higher  load  range  but  displayed  the  same  general 
shape  as  the  theoretical  curve.  The  observed  curve  for  frame 
No,  4  shows  that  the  loads  were  still,  increasing  slightly 
when  the  test  was  stopped.  The  deflections,  however,  were 
increasing  rapidly  and  the  frame  would  have  no  longer  been 
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useful  as  a  structural  component.  The  one  kink  in  the  curve 
may  be  due  to  an  error  in  taking  deflection  readings* 

Load  vs.  vertical  deflection  curves  for  the  frames  are 
shown  in  Figures  16  and  24.  Both  observed  curves  again 
displayed  the  general  shape  of  the  theoretical  curves.  The 
two  observed  curves  are  very  nearly  identical  up  to  a  load 
of  5*5  kips  but  beyond  this  load,  the  curve  for  frame  No.  1 
falls  below  the  curve  for  frame  No.  4.  This  phenomenon  pro¬ 
bably  was  caused  by  the  lateral  buckling  of  the  beam  in  the 
first  test® 

Moment  vs®  curvature  curves  for  frames  1  and  4  are  shown 
in  Figures  17  and  25  respectively.  Observed  curves  are  com¬ 
pared  with  the  idealized  moment-curvature  curve  for  the  4  I 
9.5  section  which  is  shown  as  two  straight  lines.  The  ideal¬ 
ized  curve  assumed  that  curvature  is  proportional  to  the 
applied  moment  up  until  the  plastic  moment  value  is  reached 
after  which  curvature  is  assumed  to  increase  with  no  in¬ 
crease  in  the  applied  moment.  The  observed  curves  represent 
the  moment-curvature  relationship  at  the  strain  gauge  loca¬ 
tions  near  the  top  of  each  column.  Curvatures  were  determined 
using  the  data  obtained  from  the  four  flange  gauges  at  each 
of  these  locations.  Certain  assumptions  concerning  the 
magnitude  of  the  frame  reactions  had  to  be  made  before  the 
curves  could  be  drawn®  The  value  of  the  curves  is  therefore 
limited  by  the  accuracy  of  the  assumptions  made.  Instrumenta- 
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tion  was  not  included  in  the  test  apparatus  to  measure  the 
reactions  at  the  column  bases  so  they  had  to  be  calculated 
for  each  load  increment  before  the  moments  acting  at  the 
strain  gauges  could  be  determined.  As  a  consequence,  the 
moments  used  in  plotting  the  moment  curvature  curves  are 
not  observed  values  but  computed  values.  Calculations  for 
the  theoretical  moment  -  load  relationships  are  shown  in 
Appendix  Do  For  loads  less  than  5*82  kips,  which  was  the 
load  calculated  to  form  the  first  plastic  hinge  at  the  top 
of  the  leeward  column,  the  reactions  were  assumed  to  be 
equal  to  those  determined  by  an  elastic  analysis  of  the 
frame.  For  loads  of  5* 82  kips,  the  calculated  horizontal 
reaction  at  the  base  of  the  leeward  column  was  3*67  kips 
and  was  assumed  not  to  increase  bejrond  this  value  after  the 
plastic  hinge  had  formed.  After  the  applied  loads  reached 
5.82  kips,  the  increase  in  horizontal  load  was  assumed  to  be 
taken  entirely  by  the  horizontal  reactions  at  the  windward 
column  while  the  horizontal  reaction  at  the  leeward  column 
remained  constant.  At  the  calculated  ultimate  load  of  7*33 
kips  the  horizontal  reaction  at  the  windward  column  also 
reached  3.67  kips  as  the  collapse  mechanism  was  formed.  The 
maximum  value  of  the  horizontal  reactions  was  then  assumed 
to  be  3.67  kips  although  strain  hardening  might  increase 
their  magnitudes. 

The  assumed  plastic  hinge  locations  did  not  coincide 
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with  the  strain  gauge  locations  and  as  a  result,  the  moment- 
curvature  curves  appear  to  show  that  the  theoretical  plastic 
moment  capacity  of  the  4-  I  9.5  section  was  not  reached  in 
either  of  the  tests.  As  has  been  mentioned  previously,  the 
hinges  were  assumed  to  form  at  the  corners  of  the  line  dia¬ 
gram  representing  the  centrelines  of  the  frame  members  and 
the  horizontal  reactions  calculated  to  form  the  plastic  hinges 
there  were  3*67  kips.  The  assumed  maximum  horizontal  reac¬ 
tions  of  3. 67  kips  produce  a  maximum  moment  at  the  strain 
gauge  locations,  shown  in  Figure  9>  of  l6l.5  inch-kips  which, 
is  the  maximum  moment  shown  on  the  observed  moment-curvature 
curves.  If  the  hinges  had  been  assumed  to  form  at  the  strain 
gauges,  the  moment  values  would  have  been  increased  slightly 
and  the  observed  curves  would  have  indicated  that  the  full 
plastic  moment  value  for  the  section  had  been  reached. 

The  moment-curvature  relationships  for  frsme  No.  1  show 
poor  correlation  with  the  theoretical  curves,  probably  be¬ 
cause  of  the  lateral  buckling  that  occurred.  Strain  gauge 
readings  were  discontinued  at  a  load  of  6200  lbs.  so  the 
curve  for  the  windward  column  did  not  reach  the  maximum 
moment  value.  When  the  readings  were  discontinued  however, 
the  observed  curve  had  fallen  well  away  from  the  theoretical 
curve  indicating  that  the  reaction  for  the  windward  column 
might  have  been  somewhat  higher  than  the  assumed  value.  The 
curves  for  frame  No.  4  showed  better  correlation  with  the 
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theoretical  curves  although  they  fell  away  from  the  theoreti¬ 
cal  curves  at  the  higher  moment  values,  again  indicating 
that  the  horizontal  column  reactions  might  have  been  higher 
than  assumed,  A  kink,  in  the  windward  column  curves  for  both 
frames  is  noticeable  at  a  moment  value  of  approximately 
ninety-five  inch  kips.  This  was  the  theoretical  moment  at 
the  gauges  on  the  windward  column  when  the  plastic  hinge 
was  assumed  to  form  at  the  top  of  the  leeward  column  and  the 
break  apparently  shows  that  the  assumption  concerning  the 
horizontal  reactions  at  this  load  was  not  entirely  correct 0 
The  kink  is  not  very  noticeable  in  the  curve  for  frame  No,  4 
indicating  that  the  assumed  action  agreed  closely  with  the 
actual • 

Load- strain  ciirves  for  frame  No.  4  are  shown  in  Figure 
26.  The  readings  on  demec  No.  1  increased  more  rapidly 
than  on  demec  No.  2  indicating  that  the  beam  was  bending 
slightly  about  its  weak  axis  at  midspan.  The  lateral  move¬ 
ment,  however,  was  so  slight  that  it  was  not  visible  to  the 
eye  and  apparently  didn't  affect  the  load  carrying  capacity 
of  the  frame o 

Frames  1  and  4  are  shown,  after  testing  in  Figures  18 
and  27  respectively.  The  final  shape  of  the  frames  was 
similar  as  can  be  seen  in  the  pictures.  It  is  interesting 
to  note  that  the  windward  portion  of  the  beam  showed  exten¬ 
sive  yielding  as  evidenced  by  its  curvature.  The  curvature 


-  '  :  ...  a  S  •  .1-  ,. .  ■  <  J 

0-'.  u.:  ,  :  0  ' 

•ie  .j  -  nr  .  . ■  ■  .  ■ 

. 

'  ■  r :•  j; ;  o,  ■’ j.  ';!.v  hc 


.  •  /.  - 

. '  o  '  .  •■■■;.?  :1  '  ;<  .  o  r; ....  :."i  1 1  r 

'  ■■ 

o  r-u.::;  '  c  ■'  '  ■  : 

« 

)  O  j  '  i  P  :  '  .  )1  j  1  ■  C.T Jt 

.  r:.  ■ 

-  o  - 

- 

. 

J 

. 

n  '  '  '  :  :  f  :  '  \  :  . 

. 

I  r  i:  ; ...  ..  ;  ./  -  nvr  ; ■.  '  ■  ;  ^  ■  ,r  ■:  . 

. 

■  "o-  !  '-.j:  .  r.: 

~  : 

o  •'  •  :■  J  '■■■  :/ 


75 


of  the  two  beams  can  be  seen  clearly  in  Figures  19  and  28  * 

The  windward  portion  of  the  beam  was  subjected  to  a  fairly 
flat  moment  gradient  at  ultimate  load  with  a  moment  equal  to 
the  plastic  moment  acting  at  the  column  connection  and  a 
moment  equal  to  three-quarters  of  the  plastic  moment  acting 
at  the  midspan  of  the  beam*  As  a  result  of  the  flat  moment 
gradient,  yielding  spread  over  most  of  the  windward  portion 
of  the  beam  while  strain  hardening  increased  the  moment  re¬ 
sistance  where  yielding  first  occurred  near  the  column  con¬ 
nection 

The  buckled  beam  of  frame  No*  1  is  shorn  in  Figure  20* 
Lateral  buckling  occurred  in  the  windward  portion  of  the 
beam  which  was,  as  mentioned  previously,  subjected  to  high 
moments*  Improved  lateral  support  prevented  a  similar  occur¬ 
rence  in  frame  No*  4*  Plastic  hinges  formed  near  the  beam  to 
leeward  column  connections  of  the  two  frames  are  shown  in 
Figures  21  and  29.  Figures  22  and  30  are  views  of  the  lee¬ 
ward  columns.  As  was  previously  mentioned,  the  columns 
buckled  in  both  tests  and  the  buckling  is  shown  clearly  in 
both  figures* 

Whitewash  applied  to  the  frames  to  show  yielding  at  the 
plastic  hinges  did  not  flake  off  appreciably  during  the  tests. 
Evidence  of  this  fact  is  readily  seen  in  the  pictures  which 
show  the  whitewash  still  virtually  untouched  in  most  cases* 
There  was  very  little  mill- scale  on  the  frames,  which  pro- 
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bably  explains  the  fact  that  the  whitewash  did  not  flake  off. 
Frame  No.  2 

Test  results  for  frame  No,  2  are  shown  in  Figures  31  to 

35  inclusive.  This  frame  was  subjected  to  a  single  load 

applied  horizontally  at  the  top  of  the  windward  column.  The 

predicted  collapse  load  for  this  condition  was  7*33  kips. 

Axial  load  in  the  columns  at  the  predicted  ultimate  load  of 

7.33  kips  was  calculated  to  be  approximately  4.9  kips  which 

gave  a  P_  ratio  for  the  4  I  9.5  section  of  4-9  or  0.04.  This 

Py  1217? 

was  again  well  below  the  P_  value  of  0.15  indicating  the 

py 

plastic  moment  capacity  should  not  be  affected  by  the  axial 
load.  Axial  load  was  therefore  neglected  in  the  theoretical 
calculations.  The  shear  forces  of  3*67  kips  in  the  columns 
and  4.9  kips  in  the  beam  at  the  predicted  ultimate  load  were 
well  below  the  value  of  23*4  kips  in  the  4  I  9.5  section, 
above  which  shear  would  affect  plastic  moment  capacity,  so 
the  effect  of  shear  was  also  neglected  in  the  theoretical 
calculations. 

The  load  vs.  horizontal  deflection  curve  for  the  frame 
is  shown  in  Figure  31*  As  can  be  seen  in  this  figure,  the 
load  on  the  frame  was  well  in  excess  of  the  theoretical  ulti¬ 
mate  load  when  the  test  was  stopped.  The  final  load  was  9.35 
kips,  twenty-seven  percent  greater  than  the  theoretical  ulti¬ 
mate.  When  the  test  was  stopped,  the  load  was  still  increasing, 
as  indicated  by  the  load-deflection  curve.  This  phenomenon! 
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can  be  attributed  to  strain  hardening  at  the  plastic  hinges. 

Moment -Curvature  relationships  at  the  strain  gauge 
locations  on  the  two  columns  are  shown  in  Figure  32.  Bending 
moments  were  calculated  assuming  that  the  horizontal  reac¬ 
tions  were  each  equal  to  one-half  of  the  applied  horizontal 
load.  Strain  gauge  readings  were  discontinued  before  the 
end  of  the  test  so  the  complete  moment-curvature  curves  could 
not  be  shown.  Both  curves,,  however,  showed  curvatures  to  be 
increasing  rapidly  with  small  moment  increases  when  the  strain 
gauge  readings  wTere  stopped.  It  is  also  evident  that  these 
large  curvatures  were  occurring  at  moment  values  well  below 

the  predicted  moment  capacity.  Residual  stresses  are  known 

(9) 

to  have  this  effect  on  the  moment-curvature  relationship 
although  the  plastic  hinge  will  eventually  reach  its  full 
moment  capacity  at  somewhat  higher  curvatures  than  those  pre¬ 
dicted  by  the  idealized  moment-curvature  curve.  If  the  strain 
gauge  readings  had  been  continued  in  this  test,  the  observed 
curve  may  have  reached  the  predicted  moment  capacity  but 
curvatures  would  have  been  a  great  deal  larger  than  predicted. 

No  evidence  of  lateral  buckling  was  observed  during  the 
test,  although  the  load-strain  curves  shown  in  Figure  33  in¬ 
dicate  that  the  beam  was  bending  laterally  slightly  when  the 
test  was  stopped.  Demec  No.  1  indicated  increasing  tensile 
strain  on  one  edge  of  the  flange  while  Demec  No.  2  indicated 
increasing  compressive  strain  on  the  other  edge  of  the  flange 
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at  the  9.35  hip  load.  The  bending  was  slight,  however,  and 
apparently  did  not  affect  the  load  carrying  capacity  of  the 
frame. 

One  of  the  plastic  hinges  formed  during  the  test  is 
shown  in  ^‘igure  3*f.  Figure  3 5>  showing  the  frame  after  the 
test,  gives  a  view  of  the  side- sway  mechanism  formed. 

Form  No.  3 

Results  of  the  test  on  this  frame  are  shown  in  Figures 
36  to  4-2  inclusive.  The  frame  was  loaded  with  a  single  load 
applied  vertically  at  the  midspan  of  the  beam,  and  was  ex¬ 
pected  to  collapse  by  forming  a  beam  mechanism  at  a  predicted 
load  of  19*56  kips.  The  axial  load  in  the  columns  at  the 
predicted  ultimate  load  was  approximately  9*8  kips,  giving 

a  P_  value  for  the  4  I  9.5  section  of  9.8  or  about  0*08. 

P y  121. £ 

Axial  load  was  therefore  neglected  in  making  the  ultimate 
load  calculations.  Shear  forces  of  3*6 7  kips  in  the  columns 
and  9*8  kips  in  the  beam  were  well  below  the  shear  value  of 
23.4  kips  in  the  4-  I  9.5  section  so  shear  was  also  disregarded 
in  making  the  theoretical  calculations. 

The  load  vs.  vertical  deflection  curve  for  the  frame  is 
shown  in  Figure  36.  The  observed  curve  compares  quite  favor¬ 
ably  with  the  theoretical  curve  over  the  entire  loading  range. 
The  test  was  stopped  at  a  load  of  21.0  kips,  about  seven  per¬ 
cent  in  excess  of  the  predicted  ultimate  load.  Loading  was 
stopped  at  this  load  to  prevent  damage  to  the  hydraulic  ram 
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which  was  already  loaded  beyond  its  rated  capacity  of  20  kips. 
The  load-deflection  curve,  however,  indicates  that  the  frame 
was  very  near  its  ultimate  capacity  when  the  test  was  stopped. 
Moment- curvature  relationships  for  the  frame  are  shown 
in  Figure  37.  No  horizontal  load  was  applied  in  this  test  so 
the  columns  are  referred  to  as  the  left  and  right  columns 
rather  than  the  windward  and  leeward  columns.  Left  and  right 
refer  to  the  columns  as  seen  by  the  viewer  in  Figure  13.  In 
order  to  plot  these  curves,  it  was  again  necessary  to  make 
assumptions  concerning  the  horizontal  reactions  before  the 
moments  at  the  strain  gauges  could  be  determined.  Moment 
calculations  are  shown  in  Appendix  D,  The  first  plastic  hinge 
was  assumed  to  form  at  the  mid span  of  the  beam  at  a  load  of 
14.9 5  kips.  For  loads  less  than  this  value,  the  horizontal 
column  reactions  at  each  load  increment  were  assumed  to  be 
equal  to  those  determined  by  an  elastic  analysis  of  the  frame 
and  moments  at  the  strain  gauges  were  calculated  using  these 
reactions.  For  loads  larger  than  14.95  kips,  the  horizontal 
reactions  were  calculated  assuming  a  moment  equal  to  the 
theoretical  plastic  moment  for  the  4  I  9*5  section  acting  at 
the  mid span  of  the  beam.  The  moment- curvature  curves  are  in¬ 
complete  because  strain  gauge  readings  were  discontinued  be¬ 
fore  the  end  of  the  test.  The  observed  curves,  however,  were 
curving  away  from  the  theoretical  curve  before  the  readings 
were  discontinued,  possibly  due  to  the  influence  of  residual 
stresses.  Both  columns  displayed  practically  identical  moment 
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curvature  relationships  up  to  a  moment  of  about  eighty-five 
foot  kips  where  sharp  breaks  occurred  in  both  curves.  The 
breaks  in  the  curves  occurred  when  the  plastic  hinge  was 
assumed  to  form  in  the  beam  indicating  that  the  moment  acting 
at  the  midspan  of  the  beam  was  somewhat  larger  than  assumed. 

If  a  larger  moment  had  been  assumed  at  the  mid span  of  the 
beam,  the  calculated  horizontal  reactions  would  have  been 
lower,  thereby  decreasing  the  calculated  moment  at  the 
strain  gauges  and  the  final  portions  of  the  moment  curvature 
curves  would  have  been  flattened  to  correspond  with  the 
initial  portion  of  the  curves. 

The  moment- curvature  relationships  obtained  for  the 
four  frames  were,  in  general,  not  too  satisfactory.  This  was 
partly  due  to  the  assumptions  that  had  to  be  made  before  the 
curves  could  be  plotted.  The  results,  however,  were  probably 
affected  by  other  factors  as  well.  The  moment  gradients 
were  quite  steep  at  the  locations  where  curvatures  were 
measured  in  these  tests.  Had  it  been  possible  to  measure  the 
curvatures  at  some  section  of  the  frame  where  the  moment  gradient 
was  flat,  that  is  at  a  section  of  constant  moment,  the  results 
might  have  been  better.  For  the  loading  conditions  employed, 
however,  no  sections  of  the  frames  were  subjected  to  a  con¬ 
stant  moment.  The  vertical  reactions  would  also  introduce 
bending  moments  at  the  strain  gauges  as  the  tops  of  the  columns 
deflected  horizontally.  These  bending  moments  were  neglected 
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in  making  the  moment-curvature  calculations.  However,  even 
if  the  moments  due  to  the  vertical  reactions  had  been  taken 
into  account,  the  maximum  moment  acting  at  the  plastic  hinge 
locations  would  have  still  been  assumed  to  be  equal  to  the 
plastic  moment  capacity  for  the  4  I  9.5  section.  The  assumed 
maximum  horizontal  reactions  would  then  have  been  changed 
accordingly  in  order  that  the  theoretical  plastic  moment 
capacity  was  not  exceeded  at  any  section  of  the  frame.  The 
net  result  would  be  that  the  moment-curvature  curves  would 
not  be  changed  significantly  and  the  maximum  calculated 
moment  at  the  strain  gauges  would  still  be  somewhat  smaller 
than  the  plastic  moment  capacity  of  the  4  I  9«5  section. 

Had  it  been  possible  to  measure  the  reactions,  the  effect  of 
the  vertical  reactions  on  the  bending  moments  as  the  frames 
deflected  horizontally  would  have  had  to  be  taken  into 
account. 

The  load  vs.  strain  curves  obtained  from  the  demec  gauge 
readings  tsken  at  the  midspan  of  the  beam  are  shown  in  Figure 
33.  The  beam  apparently  was  bending  slightly  about  its  weak 
axis  during  the  test.  The  bending  was  almost  negligible, 
however,  and  no  lateral  buckling  occurred.  It  is  interesting 
to  note  that  the  strain  began  increasing  rapidly  at  a  load 
of  approximately  13  kips.  The  plastic  hinge  was  predicted 
to  form  at  the  midspan  of  the  beam  at  a  load  of  14.95  kips  and 
the  strains  recored  by  the  demec  gauge  show  evidence  of  the 
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formation  of  the  hinge  at  a  load  close  to  the  predicted  value. 

Figure  39  gives  a  view  of  the  frame  after  the  test  was 
completed.  The  beam  mechanism  formed  as  predicted,  as  is 
clearly  illustrated  in  this  picture.  The  plastic  hinge  formed 
at  the  midspan  of  the  beam  is  shown  in  Figure  40  and  the 
plastic  hinges  formed  at  the  beam  to  column  connections  are 
shown  in  Figures  4l  and  42.  In  the  latter  two  cases,  it  is 
significant  to  note  that  the  connections  themselves  have 
shown  no  signs  of  distress  due  to  the  imposed  loading.  This 
behavior  was  also  observed  in  the  other  tests  as  no  sign  of 
failure  was  detected  in  any  of  the  connections.  These  observa¬ 
tions  indicated  that  relatively  simple  connections,  when 
properly  stiffened  to  prevent  damage  due  to  high  shear  stresses, 
will  not  fail  prematurely  before  the  ultimate  strength  of  the 
frame  is  developed. 

Coupon  Tests 

Coupons  tested  at  the  different  strain  rates  showed 
marked  differences  in  the  values  of  lower  yield  stress  obtained. 
The  coupons  loaded  in  increments  gave  lower  yield  stresses 
of  43.6  k.s.i.  and  44.4  k.s.i.,  whereas,  the  coupons  loaded 
at  the  maximum  specified  A.S.T.M.  strain  rate  of  1/16  inch 
per  minute  per  inch  of  gauge  length  gave  lower  yield  stresses 
of  50.7  k.s.i.  and  52.0  k.s.i.  The  loading  used  on  the  former 
coupons  more  closely  simulated  the  loading  on  the  frames  in 
that  the  load  was  applied  to  the  frames  in  increments.  There- 
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fore  the  average  yield  stress  determined  by  the  slow  tests 
was  used  in  ultimate  load  calculations  for  the  frames.  Coupons 
were  cut  from  the  web  of  the  section  which  would  be  expected 
to  have  a  slightly  lower  yield  stress  than  the  flanges  since 
the  flanges  were  rolled  thinner.  Differences,  however,  would 

be  small  and  were  neglected  in  the  theoretical  calculations. 

(10) 

Tall  has  reported  the  results  of  tests  at  Lehigh 
University  showing  the  influence  of  strain  rate  on  the  yield 
strength  of  steel.  He  reports  that  yield  stresses  found  at 
normally  accepted  mill  testing  speeds  can  be  thirteen  to 
eighteen  percent  greater  than  what  he  refers  to  as  the  "static 
yield  stress"  or  the  yield  stress  found  at  zero  strain  rate. 

The  "static  yield  stress"  is  considered  the  logical  yield 
stress  to  be  used  since  most  structural  loads  are  considered 
to  be  static.  Yield  stresses  determined  in  the  present  tests 
using  the  A.3.T.M.  strain  rate  which  would  be  used  in  mill 
tests,  were  approximately  sixteen  percent  greater  than  those 
obtained  with  the  incremental  loading.  This  would  indicate 
that  the  incremental  loading  gave  a  yield  stress  value  close 
to  that  which  Tall  has  defined  as  the  "static  yield  stress". 
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CONCLUSIONS 

Conclusions  based  on  the  results  of  this  investigation 
are  summarized  as  follows: 

1.  Three  of  the  test  frames  exhibited  ultimate 
load  carrying  capacities  greater  than  pre¬ 
dicted  by  the  simple  plastic  theory.  The  excess 
carrying  capacity  might  be  attributed  to  the 
effect  of  strain  hardening  at  the  plastic 
hinges.  The  remaining  frame,  which  was  the 
first  one  tested,  failed  at  a  load  slightly 
smaller  than  its  predicted  capacity.  The 

load  carrying  capacity  of  the  frame  was  re¬ 
stricted  by  lateral  buckling  of  the  beam  which 
did  not  have  sufficient  lateral  support. 

2.  The  load-deflection  curve  for  a  frame  can  be 
predicted  quite  accurately  over  the  entire  load¬ 
ing  range  using  analytical  methods. 

3.  Derived  moment-curvature  curves  for  the  frames 
in  general  showed  poor  agreement  with  the 
idealized  moment-curvature  curves.  The  poor 
agreement  is  attributed  largely  to  the  assump¬ 
tions  that  had  to  be  made  in  order  to  plot  the 
derived  curves  and  to  the  fact  that  a  fairly 
steep  moment  gradient  existed  at  the  sections 
of  the  frames  where  curvatures  were  measured. 
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None  of  the  corner  connections  of  the  frames 
showed  any  signs  of  distress  daring  the  tests 
indicating  that  relatively  simple  connections, 
if  properly  stiffened,  will  develop  the  full 
plastic  strength  of  the  adjoining  members. 

5.  Results  of  coupon  tests  conducted  to  determine 
material  properties  indicated  that  the  value 
of  the  yield  strength  observed  for  a  coupon 
test  increased  with  increasing  strain  rate. 

6.  The  lateral  support  system,  as  originally  de¬ 
signed,  did  not  provide  adequate  lateral 
support  to  prevent  buckling  of  the  beam  in  the 
first  test.  Sufficient  lateral  support  was 
provided  in  subsequent  tests  after  improvements 
were  made  in  the  original  design. 

7.  The  loading  system  functioned  as  it  was  de¬ 
signed  to,  notwithstanding  the  inadequacy  of 
the  lateral  support  system  in  the  first  test. 

It  appears  that  the  loading  system  is  satisfactory 
for  the  type  of  tests  conducted. 
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APPENDIX  A 

DETAILS  OF  LOADING  FRAME 

Details  of  the  loading  frame  designed  for  these  tests 
are  shown  in  this  section. 

The  assembly  drawing  of  the  frame  shown  in  Figure  A1 
gives  the  relative  positions  of  the  members  which  are  de¬ 
tailed  in  Figures  A2  to  A  5  inclusive.  The  beam  sections, 
as  shown  in  Figure  Al,  can  be  positioned  at  a  maximum  dis¬ 
tance  of  ten  feet  between  centrelines  giving  a  clear  height 
of  nine  feet.  Bolted  connections  between  the  column  and 
beam  sections  permit  the  beams  to  be  moved  to  different 
positions  and  the  clear  height  between  beams  can  therefore 
be  reduced  if  desired.  The  ten  foot  distance  between  column 
centrelines  allows  a  clear  span  between  columns  of  nine 
feet.  The  hinge  supports  and  roller  plate  are  bolted  to 
the  beam  sections  and  can  be  positioned  as  desired. 

The  frame,  with  the  beams  positioned  as  shown  in  Figure 
Al,  was  designed  for  a  concentrated  vertical  load  of  thirty 
kips  acting  at  the  midspan  of  the  beam  together  with  a  con¬ 
centrated  horizontal  load  of  ten  kips  acting  at  the  mid¬ 
height  of  the  column.  Various  reaction  components  were 
possible  for  this  loading  and  several  different  situations 
were  analyzed  in  making  the  design.  It  is  realized  that  loads 
may  be  applied  at  points  on  the  frame  other  than  those  used 
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in  the  original  analysis  and  persons  planning  to  use  the 
frame  for  future  tests  should  analyze  the  frame  for 
adequacy  under  their  particular  loading  condition*  Pro¬ 
perties  of  the  frame  sections  are  given  below  as  an  aid  to 
anyone  wishing  to  make  such  an  analysis  of  the  frame* 

Column  Section  -  (See  Figure  A2) 

Main  member  -  12  WF  4-0  with  13/16  inch  diameter 
holes  in  one  flange* 

h 

Moment  of  Inertia  -  278*3  inch 

o 

Section  Modulus  -  43*2  inctr 

Allowable  Moment  -  72  foot-kips  (at  maximum 

fibre  stress  of  20  k*s*i.) 

Beam  Section  -  (See  Figure  A3) 

Main  Member  -  2-12  channels  20.7  with  13/16  inch 
diameter  holes  in  one  flange* 

Moment  of  Inertia  -  224.8  inch1*" 

Section  Modulus  -  34.8  inch^ 

Allowable  Moment  -  5$  foot-kips  (at  maximum  fibre 

stress  of  20  k.s.i.) 

Section  properties  given  above  are  based  on  the  net 
area  of  the  sections  after  hole  areas  have  been  deducted* 
The  bolted  beam  to  column  connections  are  capable  of 
withstanding  a  moment  of  187  foot-kips  if  the  high  strength 
bolts  in  the  connections  are  tensioned  up  to  their  proof 
loads.  This  moment  is  well  in  excess  of  that  allcw  able  on 
either  the  beam  or  column  sections. 
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FIG.  Al  -  ASSEMBLY  DRAWING  OF  LOADING  FRAME 
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FIG.  A3  — DETAILS  OF  LOADING  FRAME 
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FIG.  A4- DETAILS  OF  LOADING  FRAME 


HINGE  SUPPORT 


I  1/4" 


2  REQUIRED 
SCALE-  3"  =  l‘— 0“ 

NOTE 

2-  I  1/8"®  X  3"  FINISHED  PINS 
WITH  1/8"®  HOLES  AT  2  1/2"  O.C, 
REQUIRED  FOR  HINGE  SUPPORTS 


FIG.  A 5  —  DETAILS  OF  LOADING  FRAME 
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APPENDIX  B 

DETAILS  OF  ROLLER  MECHANISM 

Details  of  the  roller  mechanism  used  in  the  tests  to 
allow  horizontal  movement  of  the  vertical  loads  are  given 
in  this  section.  An  assembly  drawing  of  the  roller  parts 
is  shown  in  Figure  Bl.  The  individual  parts  are  detailed 
in  Figures  B2  to  B6  inclusive.  The  design  load  for  the 
roller  mechanism  is  20  kips  which  is  the  capacity  of  the 
"Blackhawk  RC-161*'  hydraulic  ram  that  was  mounted  on  the 
mechanism  for  these  tests. 
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BEARING  STIFFENER 


FIG.  BI-ASSEMBLY  DRAWING  OF  ROLLER  MECHANISM 
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FIG.  B2- DETAILS  OF  ROLLER  MECHANISM 
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FIG.  B3- DETAILS  OF  ROLLER  MECHANISM 
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FIG.  B4  —  DETAILS  OF  ROLLER  MECHANISM 


STIFFENER  SECTION 

I  REQUIRED 

MATERIAL- COLD  ROLLED  STEEL 
SIZE-  10  1/2"  X  5"  X  I  " 
SCALE- 1/2  SIZE 


NO.  REQ'D. 

4 

12 

6 


FIG.  B5- DETAILS  OF  ROLLER  MECHANISM 


101 


APPENDIX  c 

DETAILS  OF  JACK  CALIBRATION 

Loads  on  the  frames  were  measured  with  a  Blackhawk 
pressure  gauge  designed  for  use  with  the  hydraulic  rams  em¬ 
ployed  in  the  loading  system.  The  gauge  was  calibrated  by 
loading  the  hydraulic  rams  in  a  200,000  pound  capacity 
Baldwin  Testing  Machine.  Load  was  applied  to  the  test 
specimens  in  pressure  gauge  increments  of  four  hundred 
pounds  and  the  true  loads  were  read  on  the  Baldwin  Testing 
Machine  for  each  load  increment. 

Calibration  figures  for  the  double  mm  arrangement  used 
in  Tests  1  and  4  are  shown  in  Table  Cl.  Loads  were  applied 
to  the  frames  in  gauge  increments  of  four  hundred  pounds 
throughout  most  of  the  loading  ran0e  so  in  order  to  get  the 
true  load  for  a  specific  pressure  gauge  load  it  was  neces¬ 
sary  in  most  cases  only  to  go  to  this  table.  In  cases 
where  gauge  increments  of  two  hundred  pounds  were  used,  the 
true  loads  were  found  by  interpolation. 

Calibration  figures  for  the  single  ram  used  in  Tests 
2  and  3  are  shown  in  Table  C2.  Actual  loads  for  each  pres¬ 
sure  gauge  increment  were  read  directly  from  this  table 
whenever  possible  and  values  were  interpolated  where  neces¬ 
sary.  Loads  shown  on  the  data  sheets  in  Appendix  F  are 


actual  loads  in  all  cases 
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CALIBRATION  FIGURES  FOR  DOUBLE  RAMS 


Blackhawk  Pressure 
Gauge  Reading 
Pounds 


0 

l+oo 
800 
1200 
1600 
2000 
2400 
2800 
3200 
600 
000 
4400 
4800 
5200 
5600 
6000 
6400 
6800 
7200 
7600 
8000 
8400 
8800 
9200 
9600 
10000 


Actual  Load  on  Each 
Hydraulic  Ram 
Pounds 

0 

350 

750 

1100 

1450 

1800 

2200 

2600 

3000 

3400 

3800 

4200 

4600 

5000 

5400 

5800 

6200 

6600 

7000 

7400 

7800 

8200 

8600 

9000 

9400 

9800 
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TABLE  C2 


CALIBRATION  FIGURES  FOR  SINGLE  RAM 


Blackhawk  Pressure 
Gauge  Reading 
Pounds 

Actual  Load  On 
Hydraulic  Ram 
Pounds 

Blackhawk  Pressure 
Gauge  Reading 
Pounds 

Actual  Load  1 
Hydralic  Ram 
Pounds 

0 

0 

10000 

9750 

400 

350 

10400 

10150 

800 

750 

10800 

10600 

1200 

1150 

11200 

11000 

1600 

1500 

11600 

11400 

2000 

1850 

12000 

11800 

2400 

2200 

12400 

12200 

2800 

2600 

12800 

12600 

3200 

3000 

13200 

13000 

3600 

3400 

13600 

13450 

4000 

3800 

14000 

13850 

4400 

4l5o 

14400 

14250 

4800 

4550 

14800 

14700 

5200 

4950 

15200 

15100 

5600 

5350 

15600 

15500 

6000 

5750 

16000 

15900 

6400 

6100 

16400 

16300 

6800 

6500 

16800 

16700 

7200 

6900 

17200 

17100 

7600 

7300 

17600 

17500 

8000 

7700 

18000 

17900 

8400 

8100 

18400 

18300 

8800 
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APPENDIX  D 

CALCULATIONS 

1.  Ultimate  Load  Calculations 

Calculations  of  the  ultimate  load  for  the  three  dif- 
ferent  loading  conditions  used  in  the  tests  are  included  in 
this  section.  All  of  the  ultimate  load  calculations  have 
been  made  using  the  “mechanism  method11  of  analysis.  This 
method  will  give  a  high  value  for  the  ultimate  load  if  the 
incorrect  mechanism  is  used  in  the  analysis  so  in  order  to 
find  the  true  ultimate  load  for  a  given  structure  all  pos- 
sible  failure  mechanisms  must  be  analyzed.  That  mechanism 
forming  at  the  lowest  load  will  be  the  actual  failure 
mechanism  and  should  have  a  moment  diagram  that  does  not 
exceed  the  plastic  moment  at  any  section  of  the  structure c 
The  calculations  included  in  this  section  refer  to  the 
failure  mechanism  which  gives  the  true  ultimate  load  in 
each  case.  Moment  diagrams  for  the  true  ultimate  loads  are 
shown  to  indicate  that  the  plastic  moment  has  not  been  ex¬ 
ceeded  at  any  section  of  the  frames. 

A.  Frame  Nos.  1  and  k- 

The  loading  on  these  frames  is  shown  in  Figure 
D1  (a).  Possible  plastic  hinge  locations  are  at  sections 

2,  3  and  *+  for  the  combined  loading.  However,  since  the 
frame  is  indeterminate  to  the  first  degree  it  is  necessary 
for  plastic  hinges  to  form  at  only  two  of  the  three  possible 
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FIG.  Dl  —  ULTIMATE  LOAD  ANALYSIS 
FRAME  NOS.  I  AND  4 


i  on 


locations*  After  analyzing  the  different  possible  failure 
mechanisms,  it  was  found  that  the  side- sway  mechanism  shown 
in  Figure  Dl(b)  with  plastic  hinges  at  sections  2  and  4 
formed  at  the  lowest  load.  Note  that  the  plastic  hinges 
have  been  assumed  to  form  at  the  corners  of  the  line  dia¬ 
gram. 

In  Figure  Dl(b)  the  frame,  loaded  with  the  ultimate  load 
P,  has  been  given  a  virtual  horizontal  displacement  •  Accord 
ing  to  the  theory  of  virtual  work,  the  external  work  done  by 
the  applied  loads  in  moving  through  their  virtual  displace¬ 
ments  is  equal  to  the  internal  work  done  by  the  plastic 
hinges  as  they  rotate.  The  work  done  by  each  plastic  hinge 
is  equal  to  the  plastic  moment  at  the  hinge  times  the  angle 
through  which  it  rotates. 

The  total  external  work  in  this  case  is  given  by: 

We  =  P  x  r  =  2PL  ^  since  =  2L^ 

3  3 

Each  plastic  hinge  has  rotated  through  an  angle  so  the 
total  internal  work  is  given  by: 

wi  =  2Mpe 

Equating  the  external  work  to  the  internal  work  gives: 

2PL  G  =  2Mp<9  or  P  =  3Mp 

3  “IT 

Mp  =  fry  x  Z 

\j  y  =  44.0  k.s.i.  (from  results  of  coupon  tests) 

Z  for  4  I  9.5  =  4.0  in.3 
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Therefore  Mp  =  44.0  x  4.0  =  176  inch  kips 
L  =  72  inches 

Substituting  these  values  into  the  equation  for  P  gives: 

P  =  3  x  176  =  7.33  kips 
72 

Solving  for  reactions: 

Hi  =  H5  =  3Md  =  3  x  176  =  3.67  kips 
2L  2  x  72 

Mi  =  48P  +  36P  -  72V 5  =0 

=  ^  x  7.33  =  8.55  kips 
72 

M5  =  48P  -  36P  +  72V1  =  0 

V-,  =  -  12  x  7.33  =  -1.22  kips  (acts  downward) 

72 

These  reactions  are  shown  on  Figure  Dl(b) 

The  moment  diagram  for  the  ultimate  load  is  shown  in 
Figure  Dl(c).  Moments  are  plotted  on  the  tension  side  of 
the  members. 

M2  =  M4  =  Mp 
M3  =  48Hi  -  36VX 

=  48  x  3.67  -  36  x  1.22 
=  176  -  44  =  132  inch-kips  =  f  Mp 
It  is  therefore  apparent  that  the  plastic  moment  has 
not  been  exceeded  at  any  point  in  the  frames. 

B.  Frame  No.  2 

The  loading  on  this  frame  is  shown  in  Figure 


D2(a).  There  are  only  two  possible  plastic  hinge  locations, 
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FIG.  D2  —  ULTIMATE  LOAD  ANALYSIS 
FRAME  NO.  2 


at  sections  2  and  3*  and  since  two  hinges  are  required  to 
form  the  collapse  mechanism,  plastic  hinges  must  form  at 
both  of  these  sections.  The  side-sway  mechanism  formed  with 
plastic  hinges  at  sections  2  and  3  is  shown  in  Figure  D2(b). 
The  frame  has  been  given  a  virtual  horizontal  displacement 
S  as  indicated  in  the  figure* 

External  work  done  by  the  horizontal  load  is: 

We  =  P  x^f=  2PL  e  since  =  2L  e 

3  3 


Each  plastic  hinge  has  rotated  through  an  angle  so 
the  total  internal  work  is  given  by: 

wi  =  2Mpe 

Equating  the  external  work  to  the  internal  work  gives: 
2PL  &  ~  2Md©  or  P  =  3M 

Win  — mir^i  i-t—  I  Xr  I.inai  Til 

3  L 


This  gives  the  same  ultimate  load  of  7,33  kips  as 
was  found  for  frames  1  and  4.  This  is  reasonable  since  side- 
sway  mechanisms  formed  under  both  loading  conditions  and 
the  horizontal  reactions  control  the  formation  of  this  type 
of  mechanism. 

Solving  for  the  reactions: 

H1  =  H4  =  3Mp  =  3  x  176  =  3.67  kips 
2L  2  x  72 


M1  =  48  P  -7  2  V1+  =  0 

=  48  x  7.33  =  4.89  kips 
72 


V-^  =  -  4.89  kips  (acts  downward) 


.  eoi  ■  ,  .  .  . 

:  :-'iJ  '  ■  oxj  ■  u  r  "  ::  I'co  ;^-x • .  '] 

.  •  j  0;  ::  , 

•  {$ 

‘  1  -  -i  . .  :.f  ‘i.1:  v  c;  c 

.  ’  '  I  '  -  *  = 

Cil  OCOl  I  •  r.e;cx;  r  :..:od  ;l‘IC\7  Isn  .  :  + 


'  'i 


HU.; 


JO..': 


®  '' 


c 

V,. 


m  .  t  ■  s  u ri  D'i .  . 

j 

=  jtW 

;  -i.  :  ...  ',..o  ;  ■  l  j  . r;  ■  ■;  .  c '  L .  o 


o-  • 


vi 

,Ti  p,r. 

■u  urxr  ;.v  1  • ; 

■  eJtiiT 

:  Oui  ..  -;u  ;■  :  ■  o  u 

I  r.l  -vr;  .. 

DHrC't  3  :;r 

;  CO  .-i;  C  '  HO  '  !V:C  ii 

"I".  vUT. 

.CO''- 

:■  -■  ■  ■: 

■■■•;  v;  i  .  :;v-  xC  U  ]'.  ..0  ' 

CO' 

■  j:.;'-  '..  ;  • 

3 1"1  j 

* 

’ic 

"v  :  . 

■.  C -j 

■ 

i:  ulc  i 

* 

r 

— ■  ( 

*  E  a  ■  38 

■ 

/• 

•  < • 

•U) 

\  y*  ,.C 

- 

r  ■  • 

* 


. .  '  r'-~  .. 

,  ,  r  • 


110 


These  reactions  are  shown  on  Figure  D2(b). 

The  moment  diagram  for  the  ultimate  load  is  shown  in 
Figure  D2(c)*  The  plastic  moment  has  not  been  exceeded  at 
any  section  of  the  frame  so  the  ultimate  load  determined 
must  be  the  true  ultimate  load* 

C.  Frame  No.  3 

The  loading  on  this  frame  is  shown  in  Figure 
D3(a).  Possible  plastic  hinge  locations  for  this  loading 
are  at  sections  2,  3  and  *+•  A  beam  mechanism  is  formed  as 
shown  in  Figure  D3(b)  with  plastic  hinges  at  each  of  the 
three  possible  locations*  A  plastic  hinge  is  formed  at 
section  3  first  and  is  followed  by  the  simultaneous  formation 
of  plastic  hinges  at  sections  2  and  4  due  to  the  symmetrical 
loading*  In  Figure  D3(b),  the  frame,  subjected  to  the 
ultimate  load  P,  has  been  given  a  virtual  vertical  displace¬ 
ment  at  the  midspan  of  the  beam* 

External  work  done  by  the  vertical  load  is: 


since  f  =  L  G 

~ 


We  =  P  x  ^  =  PL  e 
2 


The  plastic  hinges  at  the  corners  have  each  rotated 
through  an  angle  ©  and  the  hinge  at  the  mid span  of  the  beam 
through  an  angle  as  indicated  in  the  figure*  The  total 
internal  work  then  is: 

Wt  =  4Mp<s> 

Equating  the  external  work  to  the  internal  work  gives: 

PL  <9  =  or  P  =  =  8  x  176 


2 


72 
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P  =  19*56  kips 

The  predicted  ultimate  load  for  frame  No.  3  then  is 
19*56  kips. 

Solving  for  the  reactions : 

%  =  =  3Mp  =  3  x  176  =  3*67  kips 

2L  2  x  72 

V-j  =  =  P  =  19*56  =  9*78  kips 

2  2 

These  reactions  are  shown  on  Figure  D3(b). 

The  moment  diagram  for  the  ultimate  load  is  shown  in 
Figure  D3(c). 

M3  =  36V1  "  lf8Hl 

=  36  x  9*78  -  hQ  x  3*67 

=  352  -  176  =  176  inch  kips  =  Mp 

It  is  apparent  that  the  plastic  moment  has  not  been 
exceeded  at  any  section  of  the  frame  and  that  the  full 
plastic  moment  acts  at  the  predicted  plastic  hinge  loca¬ 
tions. 

2.  Elastic  Analysis  of  Frames 

Reactions  and  moments  for  the  frames  subjected  to  unit 
loads  are  shown  in  this  section.  These  calculations  are 
necessary  in  order  to  make  subsequent  theoretical  deflection 
and  moment- curvature  calculations. 

A.  Frame  Nos.  1  and  4 

Figure  D*f(a)  shows  the  moments  and  reactions  cal¬ 
culated  for  the  statically  indeterminate  frames  loaded  with 
unit  horizontal  and  vertical  loads  as  indicated.  The 
statically  indeterminate  frame  has  been  solved  using  the 
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FIG.  D4-  MOMENTS  AND  REACTIONS  FOR  UNIT  LOADS 

FRAME  NOS.  I  AND  4 
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Mtlller  Breslau  theory.  In  figure  D4(b)  the  frame  has  been 
made  statically  determinate  by  replacing  the  hinge  at  sec¬ 
tion  5  with  a  roller.  This  is  referred  to  as  condition 
M0M  and  reactions  and  moments  for  this  condition  are  in¬ 
dicated  on  the  figure.  Moments  and  reactions  for  condition 
"Xa  =  -  1M  are  shown  in  Figure  D*f(c),  The  loading  for  this 
condition  consists  of  a  horizontal  unit  load  acting  to  the 
right  at  the  roller. 

The  horizontal  deflection  ( SToa)  at  the  roller  for 
condition  n0"  can  now  be  solved  using  the  Muller  Breslau 
tables.  Beginning  at  the  left  column  and  proceeding  clock¬ 
wise  around  the  frame,  the  solution  for  ^  oa  using  the 
Mtlller  Breslau  tables  is  as  follows: 

^oa  x  El  =  +  3  (1+xl2+3,5xl2)  +  3x3,5x12 

3  6  6 

S~oa  x  EI  =  262 
3 

£faa,  the  horizontal  deflection  at  the  roller  for 
condition  "Xa  =  -  1”  is  also  solved  using  the  Mttller  Breslau 
table  s ; 

£aa  xEI  =  2x*+xl6  +  6xl6 

3 

<T  a  x  EI  =  bl6 

o  aa  - 

3 

Knowing  foa  and  faa,  the  horizontal  reaction  at  sec¬ 
tion  five  of  the  indeterminate  frame  is  determined  as  follows: 

H5  =  £oa  =  262  x  3  =  0.63 
faa  bl6  x  3 
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With  this  value  for  H5,  the  reactions  and  moments  in 
the  indeterminate  frame  are  as  shown  in  Figure  D*f(a), 

B.  Frame  No.  2 

Reactions  and  moments  for  frame  No.  2  loaded 
with  a  unit  horizontal  load  are  shown  in  Figure  D5,  The 
indeterminate  frame  was  solved  using  the  MTiller  Breslau 
theory, 

C,  Frame  No,  3 

Reactions  and  moments  for  frame  No.  3  loaded 
with  a  unit  vertical  load  are  shown  in  Figure  D6.  The 
indeterminate  frame  was  again  solved  using  the  Muller  Breslau 
theory.  Calculations  made  for  frames  2  and  3  were  similar 
to  those  for  frames  1  and  b  and  for  this  reason  it  was  felt 
not  necessary  to  show  them. 

3.  Deflection  Calculations 

A.  Frame  Nos.  1  and  4 

Calculations  for  the  horizontal  deflection  at  the 

top  of  the  windward  column  and  for  the  vertical  deflection 

at  the  midspan  of  the  beam  (both  load  points)  are  shown  for 

frames  1  and  4,  Referring  to  Figure  D4(a)j  it  can  be  seen 

that  the  largest  bending  moment  for  th®  unit  loads  acts  at 

section  4.  The  magnitude  of  this  moment  is  2,52  foot  kips 

or  30.2  inch  kips.  The  first  plastic  hinge  will  therefore 

form  at  this  section  when  the  loads  are  equal  to  176  x  1 

30.2 

or  5.82  kips.  176  inch  kips  is  the  plastic  moment  for  the 
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FIG.  05—  MOMENTS  AND  REACTIONS  FOR  UNIT  LOAD 

FRAME  NO.  2 


FIG.  D6  —  MOMENTS  AND  REACTIONS  FOR  UNIT  LOAD 

FRAME  NO.  3 


4-  I  9.5  section. 

Deflections  prior  to  the  formation  of  the  first  plastic 
hinge  are  calculated  using  the  virtual  work  theory.  The 
frame  is  shown  in  Figure  D7(a)  loaded  with  the  5*82  kips 
loads.  Moments  and  reactions  for  this  loading  were  deter¬ 
mined  by  multiplying  all  values  shown  in  Figure  D4(a)  by 
5*82.  Figure  D7(b)  shows  the  moments  for  a  horizontal  unit 
load  applied  at  the  top  of  the  windward  column.  This  dia¬ 
gram  is  the  same  as  that  shown  in  Figure  D5.  By  equating 
the  external  work  done  by  the  unit  load  during  the  deflec¬ 
tion  of  the  frame  in  Figure  D7(a)  to  tne  internal  work  done 
by  the  unit  load  moments  during  the  same  deflection,  the 
following  value  for  the  horizontal  deflection  at  the  top 
of  the  windward  column  is  obtained  using  Mftller  Breslau 
tabless 

fh  x  El  =  4x3.60x2  +3x2x22.9  -  0.34x5.70x0.56 

+  2.16x14.67x4.56  +  4x14.67x2 
T“  3 

fh  x  El  =  22.9  +  22.9  -  0.4  +  24.1  +  39.1  =  108.6 

T72ST 

E  =  31.0  x  10^  k.s.i.  (from  coupon  tests) 

I  =  6.7  in.1* 

fh  =  108.6  x  1728  =  0.903  inches 
6.7x31.0x10^ 

The  theoretical  horizontal  deflection  at  the  top  of  the 


windward  column  when  the  first  plastic  hinge  forms  is  then 
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FIG.  D7  — DEFLECTION  ANALYSIS 
FRAME  NOS.  I  AND  4 
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0,903  inches. 

The  theoretical  vertical  deflection  at  the  midspan  of 
the  beam  prior  to  the  formation  of  the  first  plastic  hinge 
is  calculated  in  the  same  manner  as  above.  The  moment  dia¬ 
grams  shown  in  Figures  D7(a)  and  D7(c)  are  used  in  these 
calculations.  Figure  07(9)  shows  the  moments  due  to  a 
unit  load  acting  at  the  centre  of  the  beam.  This  figure  is 
the  same  as  that  shown  in  Figure  D6.  By  equating  the  ex¬ 
ternal  work  done  by  the  unit  load  to  the  internal  work  done 
by  the  unit  load  moments  during  the  deflection  of  the  frame 
loaded  with  the  5.32  kip  loads,  the  following  value  for  the 
vertical  deflection  at  the  midspan  of  the  beam  is  founds 


Cv  x  E1  =  -4x8.60x0,52  -  1,04x0, 52(17. 20+7.59) 

3  ~  ~  ~~  6 

+  1.96x0.98(11.40+7.50)  +  0.34x5.70(1.96+0.56)  - 
£  6 

1.12x0.56x7.62  +  1.04x0.52(29.34+7.62)  + 


4x14.67x0. 52 
3 

x  El  =  -5. 96-2. 24+6. 08+2.01-0. SO+3.34+10. 17  =  12,60 


^v  =  12.60  x  1728  =  0.105  inches 
31.0x103x6.7 

The  theoretical  deflection  at  the  midspan  of  the  beam 
when  the  first  plastic  hinge  forms  is  then  0.105  inches. 

Deflections  at  ultimate  load  have  been  calculated  using 
the  slope-deflection  equations.  Figure  D8(a)  shows  the  bend 
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ing  moments  in  the  frame  at  ultimate  load.  These  moments 
were  determined  in  the  ultimate  load  analysis  (see  Figure 
Dl).  A  free-body  diagram  of  the  frames  is  shown  in  Figure 
D8(b). 


The  slope  deflection  equations  necessary  to  solve  for 
the  horizontal  and  vertical  deflections  at  ultimate  load 
are  as  follows: 

Note:  Clockwise  moment  and  angle  change  are  considered  posi¬ 
tive. 


o 


21 


Q 


23 


<9 


32 


<9 


35 


3  lTh  +  °  +  21  (-md  -  o) 

T“  3x3il 

3£h  -  2MgL 
2  9EI 

2  lTv  +  0  +  L  (Mp  +  3Mp) 
1 “  2x331  T“ 

2  +  11  MpL 

“T“  5S  s!T 


2  <TV  +  0  +  L  (-3Mp 
L  2x331  ”5” 

2  -  5  M  L 

L  25  3EI 


2  +  0  +  L 

~T  2x3EI 


M  ) 

JSl 

Z 


=  -  2  +  MpL 

L  ifel 


No  plastic  hinge  forms  at  section  3  so  ^32  =  ^34. 

2  rv  -  ?MpL  =  2  rv  + 

L  25eI  L 


ML 
24EI 


} 


r 


2/3  L  a  48 
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FIG.  D8  — DEFLECTION  ANALYSIS 
FRAME  NOS.  I  AND  4 
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fr  =  mpl2 
TSEI 

'Tv  =  176  x  72  x  72  =  0.274  Inches 
16x31 .0xl03x£ • 7 

The  theoretical  vertical  deflection  at  the  point  when 
the  collapse  mechanism  forms  is  then  0.27*+  inches. 

It  can  be  readily  determined  by  looking  at  Figure  D4(a) 
that  the  plastic  hinge  at  section  2  is  the  last  one  to 
form  in  the  collapse  mechanism.  Just  prior  to  the  forma¬ 
tion  of  this  hinge,  continuity  must  exist  at  section  2  and 

Q  21  =  ^23* 

3fh  ~  2LMp  =  2^v  +  11  MpL 

2L  9EI  L  48  El 

substituting  $fv  =  MpL  in  the  right  hand  side  gives: 

ISSl 

3  =  MPL  +  11  MPL  +  2MPL 

“21 7  8EI  48  El“  9EI 

3Ch  =  83  MpL 

2L  144  El 

<Th  =  2  x  83  x  176  x  72  x  72  =  1.69  in. 

3x144x31. Oxl03x6. 7 

The  horizontal  deflection  at  the  point  when  the  collapse 
mechanism  just  forms  is  then  1.69  inches. 

The  values  that  have  been  calculated  here  were  used  in 
plotting  the  theoretical  load-deflection  curves  for  frame  Nos. 
1  and  4. 
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Frame  No.  2 

Both  of  the  plastic  hinges  in  the  collapse  mechanism  for 
this  frame  form  simultaneously  when  the  ultimate  load  is 
reached.  Consequently,  there  is  only  one  break  in  the 
theoretical  load-horizontal  deflection  curve  as  shown  in 
Figure  31.  The  horizontal  deflection  at  the  point  when  the 
collapse  mechanism  has  just  formed  (P  =  7.33  kips)  has  been 
calculated  to  be  1.14  inches  using  the  method  of  virtual 
work.  Calculations  are  omitted  here  but  the  value  may  be 
checked  with  the  aid  of  the  moment  diagram  shown  in  Figure 
D5. 

C,  Frame  No,  3 

Figure  D6  indicates  that  the  first  plastic  hinge 
in  this  frame  will  form  at  the  midspan  of  the  beam  since  the 
largest  bending  moment  (0,98  foot  kips)  for  the  unit  loading 
acts  at  this  section.  The  plastic  hinge  will  form  at  this 
section  at  a  predicted  load  of  14.9 5  kips  if  a  value  of  176 
inch  kips  is  used  for  the  plastic  moment  value  of  the  4  I  9.5 
section. 

The  vertical  deflection  at  the  midspan  of  the  beam  for 
the  14,95  kip  load  can  be  determined  using  the  moment  dia¬ 
gram  shown  in  Figure  D6,  The  moments  for  the  14.95  kip 
load  are  determined  by  multiplying  the  values  shown  in  the 
figure  by  14.95.  Moment  values  for  the  unit  load  applied 
at  the  raidspan  of  the  beam  are  already  given  in  the  figure 
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and  by  equating  the  external  work  done  by  the  unit  load  in 
moving  through  the  deflection  caused  by  the  l1+.95  kip  load 
to  the  internal  work  done  by  the  unit  load  moments  during 
the  same  deflection,  the  vertical  deflection  for  the  1^.95 
kip  load  is  found  to  be  0.269  inches. 

The  theoretical  vertical  deflection  of  the  midspan  of 
the  beam  at  the  predicted  ultimate  load  of  19*56  kips  is 
calculated  using  the  slope-deflection  method.  The  moment 
diagram  for  the  ultimate  load  is  shown  in  Figure  D9(a) 
along  with  a  freebody  diagram  showing  the  frame  at  ultimate 
load  in  Figure  D9(b).  The  slope -deflection  equations  nec¬ 
essary  to  solve  for  ^  at  ultimate  load  are  as  follows! 


@  21  “  0  +  0  + 
=  2MpL 
9EI 


2L 


3x3EI 


C+Mp) 


^23=  2<v  +  0  + 


L 

2x3EI 


(“Mp  +  V 


=  2^v  “  MPL 


12EI 


<9 


=  -2<rv  +  0  +  L 
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P  P 


2x3EI 


=  -  2  f  v  +  MgL 


12EI 


^1+5  =  0  +  0  +  2L _  (-M  ) 


3x3EI 


=  -  2MpL 


9EI 


'  c  i 

w 

.1  .  . 

t 

. 

J.  r  \ 

V  . 

— -  w 

erJc?  ; 

- 

.... :  $ 

ni 

."  ..  o I 

:1  - 

'  , 

- 

;  1  .  ..'Ll  ,  'ic  ..  avJIc ,  ■.  vt-;-  ■  :o 

C  .  ■ 


-!  C 


...  . 


( 

V 


... 


V 


xr: 


—  •  t  •r'- 1 


M  - 

' 


-  ■ 

. 


I  *•  0  -•  ' 


,•  ( 


C  ....  ■  ,  C:  =•  ■ 


-  - 


i.  9 


2/3  L  =  48 


FIG.  D9  —  DEFLECTION  ANALYSIS 
FRAME  NO.  3 


Plastic  hinges  form  simultaneously  at  sections  2  and  lf 
to  complete  the  formation  of  the  collapse  mechanism  when  the 
ultimate  load  is  reached.  Just  prior  to  the  formation  of 
these  hinges,  continuity  must  exist  at  both  sections.  There¬ 
fore,  <^21  =  ^23  an(*  ^31+  =  3ust  before  the  collapse 

mechanism  is  formed.  Substituting  appropriate  values  from 
the  slope-deflection  equations  gives: 

2MpL  =  2  -  MpL 

9EI  "  L  I2EI 

2S"V  =  8MpL  +  3M  L 
~L  3SeT  36Si“ 

£v  =  11mpl2 
72SI 

=  11x176x72x72  =  0.671  in. 

0  v  — — - - — 

72x31x10^x6.7 

The  theoretical  vertical  deflection  at  the  midspan  of 
the  beam  is  therefore  0.671  inches  at  ultimate  load.  After 
the  ultimate  load  has  been  reached,  the  deflection  theoreti¬ 
cally  will  increase  with  no  increase  in  load  as  indicated 
by  the  theoretical  load-deflection  curves. 

4 •  Moment-Curvature  Calculations 

Before  the  moment-curvature  curves  could  be  drawn  it 
was  necessary  to  establish  a  relationship  between  the  load 
on  the .frames  and  the  moment  at  the  strain  gauge  locations 
near  the  top  of  each  column.  Curvatures  were  measured  with 
the  four  flange  gauges  on  each  column  (see  Figure  9).  They 
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were  determined  by  taking  the  average  strain  for  the  four 
gauges  at  each  load  increment  and  dividing  this  value  by 
one-half  of  the  depth  of  the  4  I  9.5* 

The  first  step  in  establishing  the  moment-load  rela¬ 
tionship  was  to  determine  the  relationship  between  the 
load  and  the  horizontal  reactions  at  the  base  of  each 
column.  After  the  reactions  were  determined  they  were 
multiplied  by  the  length  of  forty-four  inches,  the  distance 
from  the  hinged  column  bases  to  the  strain  gauges  (see 
Figure  9) >  which  gave  a  value  for  the  moment  at  the  strain 
gauges  for  each  load  increment, 

A,  Frame  Nos,  1  and  4 

Previous  calculations  have  shown  that  the  first 
plastic  hinge  will  form  at  the  top  of  the  leeward  column 
of  these  frames  at  a  predicted  load  of  5*82  kips.  Prior 
to  the  formation  of  this  plastic  hinge  the  relationship 
between  load  and  reactions  is  assumed  to  be  that  shown  in 
Figure  D4(a),  Therefore,  for  loads  less  than  5.82  kips, 
the  moment-load  relationships  are  as  follows: 

Windward  Column 

Horizontal  reaction  for  Load  P  -  0,37P  kips 
Moment  at  strain  gauges  =  0,37Px44  =  16,3?  inch- 
kips. 

Leeward  Column 

Horizontal  reaction  for  load  P  =  O.63P  kips 
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Moment  at  strain  gauges  =  0.63Px44-  =  27. 7P 
inch-kips. 

For  loads  in  excess  of  5.82  kips,  the  plastic  hinge 
presumably  has  formed  at  the  top  of  the  leeward  column  and 
the  horizontal  reaction  at  the  base  of  that  column  will  re¬ 
main  constant  at  0.63  x  5*82  or  3*87  kips.  Any  increase 
in  horizontal  load  would  then  be  taken  by  the  horizontal 
reaction  at  the  base  of  the  leeward  column.  Therefore,  for 
loads  greater  than  5*82  kips,  the  moment-load  relationships 
are  as  follows: 

Windward  Column 

Horizontal  reaction  for  load  P  =  0.37x5*82  + 
(P-5.82)  =  P-3.67  kips 

Moment  at  strain  gauges  =  4is*(P-3o67)  inch  kips 
Leeward  Column 

Horizontal  reaction  -  0.63x5.82  =  3*6 7  kips 
(constant) 

Moment  =  27.7x5.82  =  161.2  inch-kips  (constant) 
Moment  curvature  values  calculated  for  frame  Nos.  1  and 
b  are  shown  in  Tables  D1  and  D2  respectively. 

B.  Frame  No.  2 

The  horizontal  reactions  for  this  frame  are  both 
assumed  to  be  equal  to  one-half  of  the  applied  load  through¬ 
out  the  entire  loading  range.  Therefore,  the  moment-load 
relationship  for  both  columns  is  as  follows: 
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TABLE  D1  -  MOMENT -CURVATURE  VALUES 
FRAME  NO*  1 

Windward  Column _  _ Leeward  Column 

Load  Moment  Curvature  u  Moment  Curvature  u 

Kips  Inch-Kips  Rad. /In.  x  10^  Inch-Kips  Rad©/ln.  x  10 


0 

0 

0 

0 

0 

0.35 

5.7 

0.27 

9.7 

0.51 

0.75 

12.2 

0.61 

20.8 

1.10 

1.10 

17.9 

0.86 

30.5 

1.53 

1.45 

23.6 

1.18 

40.2 

2.17 

1.80 

29.3 

1.42 

49.9 

2.78 

2.20 

35.8 

1.81 

60.9 

3.55 

2.60 

4lg4 

2.17 

72.0 

4.27 

3.00 

48.9 

2.75 

83.1 

5.21 

3A0 

55.4 

3.4l 

94.2 

6.16 

3.80 

61.9 

4.25 

105.3 

7.16 

20 

68.4 

4.84 

116.3 

8.33 

4,60 

74.9 

5.59 

127.4 

10.00 

5.oo 

81.5 

6.55 

138.5 

11.77 

5.4o 

88.0 

7.58 

149.6 

13.90 

5.80 

94.5 

9.48 

160.7 

18.20 

6.20 

111.6 

12.15 

161.2 

25.59 
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TABLE  D2  -  MOMENT-CURVATURE  VALUES 
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FRAME  NO.  4 


Windward  Column 

Leeward  Column 

Load 

Kips 

Moment 

Inch-Kips 

Curvature  ^ 
Rad. /In.  x  KT 

Moment 

Inch-Kips 

Curvature  , 
Rad. /In.  x  104- 

0 

0 

0 

0 

0 

0.35 

5.7 

0.19 

9.7 

0.39 

0.75 

12.2 

0.47 

20.8 

0.89 

1.10 

17.9 

0.77 

30.5 

1.4l 

1.45 

23.6 

1.07 

40.2 

1.91 

1.80 

29.3 

1.39 

49.9 

2.45 

2.20 

35.8 

1.74 

60.9 

3.07 

2.60 

41.4 

2.06 

72.0 

3.80 

3.00 

48.9 

2.39 

83.1 

4.49 

3.4o 

55.4 

2.76 

94.2 

5.25 

3.80 

61.9 

3.05 

105.3 

6,14 

4.20 

68.4 

3.33 

116.3 

6.92 

4.60 

74.9 

3.76 

127.4 

8.24 

5.oo 

81.5 

4.14 

138.5 

9.44 

5.40 

88*0 

4.60 

149.6 

11.10 

5.80 

94.5 

5.44 

160.7 

13.09 

6.20 

111.6 

6.50 

161.2 

19.11 

6.60 

129.2 

7.83 

161.2 

30.83 

7.00 

146.8 

10.64 

161.2 

47.19 

7.40 

161.5 

13.31 

161.2 

69.97 
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Horizontal  reaction  for  load  P  =  P/2 
Moment  at  strain  gauges  =  44  x  P/2  =  22P 
Moment-curvature  values  calculated  for  the  frame  are 
shown  in  Table  D3. 

C.  Frame  No.  ^ 

Calculations  made  previously  have  shown  that  the 
first  plastic  hinge  will  form  at  the  midspan  of  the  beam 
at  a  predicted  load  of  14.95  kips*  Prior  to  the  formation 
of  this  hinge,  the  load-reaction  relationship  is  assumed 
to  be  that  shown  in  Figure  D6.  The  frame  is  symmetrically 
loaded  so  the  load-reaction  relationships  are  the  same  for 
both  columns*  The  relationship  for  loads  less  than  14.95 
kips  is  as  follows: 

Horizontal  reaction  for  load  P  =  0.13P  kips 
Moment  at  strain  gauges  =  0.13P  x  44  =  5*7 2P  inch- 
kips. 

For  loads  greater  than  14.95  kips,  the  plastic  hinge 
is  assumed  to  have  formed  at  the  mid span  of  the  beam  and  a 
moment  equal  to  the  plastic  moment  for  the  4  I  9*5  section 
(176  inch  kips)  is  assumed  to  act  there.  Using  this  assump¬ 
tion,  the  following  relationships  are  established  for  loads 
greater  than  14.95  kips: 

Horizontal  reaction  for  load  P  =  (0.375P-3*67)  kips 
Moment  at  strain  gauges  =  44(0.375P-3*67)  inch- 
kips. 
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TABLE  D3  -  MOMENT-CURVATURE  VALUES 
FRAME  NO.  2 


Windward  Column 

Leeward  Column 

Load 

Kips 

Moment 

Inch-Kips 

Curvature  4. 
Rad. /In.  x  10 

Moment 
Inch -Kips 

Curvature  4. 
Rad. /In.  x  10 

0 

0 

0 

0 

0 

0.35 

7.7 

0.31 

7.7 

0.30 

o.75 

16.5 

0.74 

16.5 

0.75 

1.15 

25.3 

1.15 

25.3 

1.17 

i.5o 

33.0 

1.52 

33.0 

1.57 

1.85 

40.7 

1.89 

40.7 

2.01 

2.20 

48.4 

2.25 

48.4 

2.43 

2.60 

57.2 

2.67 

57.2 

2.80 

3.00 

66.0 

3.04 

66.0 

3.24 

3.40 

74.8 

3.52 

74.8 

3.64 

3.80 

83.6 

4.13 

83.6 

3.96 

4.15 

91.3 

4.85 

91.3 

4.31 

4.55 

100.1 

5.93 

100.1 

4.71 

4.95 

108.9 

7.09 

108.9 

5.16 

5.35 

117.7 

8.63 

117.7 

5.61 

5.75 

126.5 

11.06 

126.5 

6.20 

6.10 

134.2 

14.45 

134.2 

7.43 

6.5o 

143.0 

22.17 

143.0 

10.31 

;■ 


0 


0 


u 


* 


# 


u 


M 


■» 


* 


'  J.i 


* 


* 


1 


r 


r  3  d 

.  *■ 


* 


* 


a 


A 


TABLE  D4  -  MOMENT-CURVATURE  VALUES 
FRAME  NO.  3 
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Windward  Column 

Leeward  Column 

Load 

Kips 

Moment 
Inch -Kips 

Curvature  u 
Rad. /in.  x  Kr 

Moment 
Inch -Kips 

Curvature  ^ 
Rad. /In.  x  10^ 

0 

0 

0 

0 

0 

0.75 

4.3 

0.13 

4.3 

0.23 

1.50 

8.6 

0.35 

8.6 

0.45 

2.20 

12.6 

0.55 

12.6 

0.67 

3.00 

17.2 

0.79 

17.2 

0.89 

3.80 

21.7 

1.02 

21.7 

1.12 

4.55 

26.0 

1.25 

26.0 

1.35 

5.35 

30.6 

1.47 

30.6 

1.58 

6.10 

34.9 

1.68 

34.9 

1.81 

6.90 

39.5 

1.91 

39.5 

2.05 

7.70 

44.0 

2.13 

44.0 

2.29 

8.50 

48.6 

2.36 

48.6 

OJ 

Its 

. 

CM 

9.35 

53.5 

2.62 

53.5 

2.77 

10.15 

58.0 

2.87 

58.0 

3.01 

11.00 

62.9 

3.13 

62.9 

3.28 

11.80 

67.5 

3.4-1 

67.5 

3.55 

12.60 

72.1 

3.73 

72.1 

3.86 

13.45 

77.0 

4.12 

77.0 

4.25 

14.25 

81.5 

4.65 

81.5 

4.69 

15.10 

88.0 

5.38 

88.0 

5.23 

15.90 

101.2 

6.31 

101.2 

5.89 

16.70 

114.3 

7.57 

114.3 

6.64 

17.50 

127.5 

8.98 

127.5 

7.33 
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Moment- curvature  values  calculated  using  these  relation¬ 
ships  are  shown  in  Table  D*+. 

D.  Theoretical  Moment-Curvature  Relationship  for 

k  I  .2t s 

The  idealized  moment-curvature  relationship  for 
any  structural  steel  section  consists  of  two  straight  lines. 
Curvature  is  assumed  to  be  proportional  to  the  applied 
moment  for  moments  less  than  the  plastic  moment  capacity  of 
the  section  and  increases  with  no  increase  in  moment  when 
the  plastic  moment  capacity  is  reached.  Therefore,  in  order 
to  draw  the  idealized  moment-curvature  curve  for  any  section, 
it  is  necessary  to  calculate  only  the  plastic  moment  capa¬ 
city  of  the  section  and  the  curvature  for  that  moment  capa¬ 
city. 

The  plastic  moment  for  the  4  I  9.5  section  used  in  these 

tests  has  previously  been  calculated  as  175  inch  kips.  The 

•3 

section  modulus  for  this  section  is  3.3  in.  The  theoretical 

curvature  when  the  plastic  moment  capacity  of  the  section 

has  just  been  reached  is  then  calculated  as  follows: 

f*  max.  =  ~  176  =  53*3  k.s.i. 

S  3.3 

^  =  £  =  ^3*3  .  =  1.72  x  10~3  in. /in. 

.  E  31. Oxl 03 

0  -  <f=  x2  =  1.72x10  x2  =  0.86x10  radians  per 

 qr  - 


inch 
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This  curvature  value  was  used  to  plot  the  idealized 
moment- curvature  curve  for  the  4  I  9*5  section  shown  with 


the  observed  curves 
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APPENDIX  E 

COUPON  TEST  DATA 

Test  data  obtained  from  tests  on  four  coupons  taken 
from  the  web  material  of  the  4-  I  9.5  section  are  presented 
in  this  section.  Coupons  1  and  2,  which  had  two  SR-1*  strain 
gauges  attached  to  them,  were  loaded  in  load  increments  of 
500  pounds  and  strain  gauge  readings  were  taken  at  each 
load  increment  so  the  modulus  of  elasticity  could  be  deter¬ 
mined,  Values  of  the  yield  load  for  the  coupons  were  read 
directly  from  the  load  dial  on  the  Baldwin  Testing  Machine. 
The  yield  stresses  observed  for  coupons  1  and  2  are  shown 
on  the  data  sheets  for  these  coupons. 

Coupons  3  and  4-  were  loaded  in  the  Baldwin  Testing 
Machine  at  the  A.S.T.M.  specified  maximum  strain  rate  of 
1/16  Inch  per  minute  per  inch  of  gauge  length  to  check  the 
effect  of  loading  rate  on  the  value  of  yield  stress  obtained. 
Yield  stresses  observed  at  the  higher  strain  rate  were  some¬ 
what  greater  than  those  observed  for  the  incremental  loading 
used  on  coupons  1  and  2.  Lower  yield  stresses  of  50.7  k.s.i. 
and  52.0  k.s.i.  were  obtained  at  the  higher  strain  rate  as 
compared  to  44-. 4-  k.s.i.  and  4-3.6  k.s.i.  for  the  incremental 
loading. 


t.  y 


.  ...  .’3- 

:  ■  3'.'.  c  3,b  3". 

- 

•  ■'  .  .  : .0 ;  b 

'  i  :  '  -3:-.3.3::  :bn.  C  ,3  ;  3: 

C3  d.:3:3  3  3  333,3-: 

. 

...  ■  3  •/  ;  '  '■  :■  2.3'  3  ...  '  . 

-3  "  -  y d‘  j*e. 333  >bb 

c  3..:  .,3.  ■  b  i:  e..L 

r  ...  33.:  o  .  ■ 

■  r 

:  ibb  •  ‘  J'.  '  •  3  3  ' ::  , 

-  .a  ■  ■  3  •:■■!  ■  I.  :.  ■: 

, 

i  , 

t  “  *T  -  '•  3'  •  •  ’  1  •  .  -  ■  ,  v'  ' 

~  -  -  -  •»  I-' V  1  -1  :  ■  ■- 

i  ■  'i  n.I:  r.-'.c J  3  .  j  L 

,  *  .  *  ,  ' 

■  3  -■  3  •  I  _  r  :  - 

<  .  t  3  n  9 1  .  a  ■  ..  j 

■  ,  ..  ■  |  . 

-  - 

3  3/3.  -  ■  3  33  3  3  3:  3i.  33  .1. 3 

3-33-  -i-i.'iC'i.  I;  3  j  vb: 

V  '  ■'  *  c  $  '  .3 

«  .  „ 

* 

. 

.  *■  *  * 

.  «  , 

«  »  0  »  „ 

* 


137 


COUPON  TEST  DATA 

COUPON  NO.  .  1 

AVERAGE  WIDTH  Q°5Q3  *n° —  AVERAGE  THICKNESS  0*309  ln<> 

X -SECTIONAL  AREA  . 0*155  nq.  in. 


LOAD 

LBS. 

STRESS 

P  S.l. 

SR  —  4  GAUGE  NO.  1 

SR  —  4  GAUGE  NO. 2 

AVERAGE 

STRAIN 

q,  IN. /IN. 

READING 

U.  IN. /IN. 

STRAIN 

ll  IN./IN. 

READING 

LL  IN./IN. 

STRAIN 

a  IN. /IN. 

0 

0 

8738 

0 

8247 

0 

Q 

500 

3220 

8884 

146 

83IO 

63 

l04o5 

1000 

6450 

8982 

244 

8417 

170 

207  oO 

1500 

9670 

9084 

346 

8522 

375 

3lOo5 

2000 

12900 

918? 

449 

8633 

385 

417.0 

2500 

16120 

9290 

557 

8740 

493 

522.5 

1000 

19350 

9391 

653 

8845 

598 

625o  5 

3500 

22570 

9495 

757 

8947 

700 

7280  5 

4ooo 

25800 

9598 

860 

9052 

805 

832.5 

4500 

29020 

9702 

964 

9158 

911 

937.5 

5000 

32250 

9800 

1062 

9363 

1016 

1039o0 

5500 

35570 

9908 

1170 

9365 

1118 

1144.0 

6000 

38700 

10017 

1279 

9474 

1227 

1253oO 

UPPER  YIELD  STRFSS  *+5»l  koSoig  LOWER  YIELD  STRESS _ ^»s0i. 
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COUPON  TEST  DATA 


COUPON  NO  2 

AVERAGE  WIDTH  °°504  in0  AVERAGE  THICKNESS  Oo'UO  ln0 

X -SECTIONAL  AREA  Oq156  5q.  In,. 


LOAD 

LBS. 

STRESS 

RS.I. 

SR  — 4  GAUGE  NO.  1 

SR -4  GAUGE  NO.  2 

AVERAGE 

STRAIN 

U.  IN. /IN. 

READING 

U.  IN. /IN. 

STRAIN 

U.  IN. /IN. 

READING 

UL  IN./IN. 

STRAIN 

UL  IN  /  IN. 

0 

0 

9377 

0 

9622 

0 

0 

5oo 

3200 

9463 

86 

9622 

100 

93  cO 

1000 

6410 

9562 

185 

9830 

208 

196.5 

1500 

9610 

9664 

28  7 

9439 

317 

302  c  O 

2000 

12820 

9766 

389 

10056 

434 

411 0  5 

2500 

16020 

9865 

488 

.10161 

539 

513.5 

3000 

19230 

9970 

593 

10265 

643 

618  0  0 

3500 

22430 

10081 

704 

10371 

749 

ro 

O'- 

0 

4000 

25640 

10188 

811 

10472 

850 

830,5 

-t- 

VA 

O 

O 

28840 

10293 

916 

10577 

955 

935,5 

5000 

32050 

10403 

1026 

10679 

1057 

I.o4io5 

5500 

55050 

10511 

1134 

10787 

1165 

1149c  5 

6000 

38460 

10621 

1244 

10901 

1279 

1261c 5 

UPPFR  YIELD  STRESS 


44 o 3  koSoic  LOWER  YIELD  STRESS  Jl3^6_kc_s_o2 


APPENDIX  F 


TEST  DATA 

Test  data  are  presented  as  follows: 

1,  Deflection  data 

2,  SR-4  strain  gauge  data 

3,  Demec  gauge  data 

Locations  of  the  deflection  instrumentation  are  as 
indicated  below: 

Dial  No,  1  -  Mounted  at  the  top  of  the  windward 

column  or  the  column  shown  to  the 
viewer's  left  in  Figures  11,  12  and 
13. 

Scale  No,  1  -  Mounted  at  the  same  location  as  Dial 
No,  1  (See  Figure  6), 

Dial  No,  2  -  Mounted  at  midspan  of  the  beam. 

Scale  No,  2  -  Mounted  at  the  same  location  as  Dial 
No,  2  (See  Figure  7). 

Dial  No,  3  -  Mounted  at  the  top  of  the  leeward 

column  or  the  column  shown  to  the 
viewer's  right  in  Figures  11,  12  and 
13  (See  Figure  8), 

Dial  No.  4  -  Mounted  on  the  roller  plate  to  measure 

the  horizontal  movement  of  the  roller 
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Positive  horizontal  deflections  indicate  deflections 
in  the  direction  of  the  applied  horizontal  loads  or  to  the 
viewer’s  right  in  Figures  11,  12  and  13.  Negative  horizontal 
deflections  are  toward  the  viewer's  left  in  these  figures* 
Positive  vertical  deflections  indicate  deflections  in  the 
direction  of  the  applied  vertical  load  or  upward  when  the 
frames  are  orientated  as  shown  in  Figures  11,  12  and  13* 

SR-4  strain  gauge  locations  are  shown  in  Figure  9. 
Positive  values  indicate  tensile  strains,  whereas  negative 
values  indicate  compressive  strains.  This  is  also  the  case 
for  the  strains  measured  with  the  deraec  gauge,  Demec  No.  1 
refers  to  the  gauge  points  attached  near  the  toe  of  the 
beam  flange  farthest  away  from  the  viewer  in  Figure  4  and 
demec  No.  2  to  the  gauge  points  attached  near  the  toe  of 
the  beam  flange  closest  to  the  viewer  in  this  figure* 
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